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Abstract 
Australia is the fourth largest wheat (Triticum aestivum) exporter around the world, exporting 
about 18 million tonnes annually. To achieve a desirable profit, the focus of the Australian 
wheat industry is to concurrently increase grain yield (GY) and grain protein content (GPC). 
However, due to the negative correlation between wheat GY and GPC, this is a challenging 
task. Apart from complex genetic approaches, modifying nitrogen and sulphur fertilizer 
regime is a strategic method to achieve this goal. It is known that without adequate sulphur 
application, wheat cannot reach its full yield potential and make efficient use of nitrogen for 
protein biosynthesis. During grain filling, changes in nitrogen availability mainly affect GPC, 
while variable sulphur concentration exerts major impact on grain protein compositions.  
In this study, the impacts of a range of nitrogen and sulphur treatments on a series of nitrogen 
use efficiency (NUE) related agronomic traits, morphological traits and protein parameters 
were investigated using multi-year & site field trials and glasshouse experiments, and the 
accumulation patterns of individual storage protein composition. Six varying quality 
Australian bread wheat varieties, including Spitfire, Mace, Wyalkatchem, Westonia, Bonnie 
Rock, and Livingston, were selected for this study. Grain protein yield is used as a parameter 
to represent protein efficiency which is obtained by GY multiplying GPC. The results 
indicate that nitrogen application increases grain protein yield and optimizes grain protein 
parameters, but the NUE in relation to GY and grain protein yield (NUE-GY & NUE-PY) are 
both decreased. The correlation of neck diameter with GY and NUE-GY under different 
nitrogen treatments indicates that the improvement of neck diameter can be achieved through 
optimizing nitrogen treatments, which ultimately increases GY and NUE-GY. Wheat GY and 
GPC react to the nitrogen availability at the similar level with the GY being slightly more 
sensitive, and genotype is a vital determinant of grain protein yield. In another hand, high 
sulphur application can increase GY and NUE-GY simultaneously. All peduncle traits are 
positively correlated with GY and NUE-GY under different sulphur treatments, indicating 
that peduncle trait enhancement is a route for GY and NUE-GY appreciation through high 
sulphur availability. 
To understand the impact of nitrogen availability on grain protein biosynthesis during grain 
filling, the GS activity and SDS-unextractable polymeric proteins (UPP) accumulation in 
high and low nitrogen treatments were studied, followed by a comparative proteomics study 
vii 
 
to identify major functional proteins in response to nitrogen availability using developing 
grains at 7, 14, 21, and 28 days post-anthesis (DPA). The results illustrate that glutamine 
synthetase (GS) activity of developing grains is flag leaf dependent, and high nitrogen 
application improves protein polymerization to form UPP. Its underlying mechanism was 
revealed by comparative proteomics study and validated by yeast two-hybrid assay, which 
shows that PPIase can be SUMOylated with the assistance of SUMO1, and high nitrogen 
availability facilitates this connection for subsequent protein polymerization.  
Since fertilizer management exerts major impacts on gene expression, a comparative 
transcriptomic study was carried out to explore the role of sulphur in regulating gene 
expression for nitrogen metabolism and grain protein biosynthesis. Eighteen developing 
grains at 7, 14, and 21 DPA from high and low sulphur treatments were collected for RNA-
seq assay. The results indicated that high sulphur supply led to one upregulated differentially 
expressed gene (DEG) and 63 downregulated DEGs in 7 DPA. Gene ontology (GO) and 
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis showed 
that three of 63 downregulated DEGs were significantly enriched in nitrogen metabolic 
pathway, and all annotated as GS, which is the pivotal enzyme in GOGAT cycle for nitrogen 
assimilation, revealing that GS is a bridge of sulphur and nitrogen metabolism. Accordingly, 
the dynamics of GS activity were traced and compared between high and low sulphur 
treatments. Results indicate that high sulphur availability results in an increased GS activity 
of developing grains. Meanwhile, the transcriptomics assay of the developing grains from 
high and low sulphur treatments identifies a total of 20,997 DEGs in four libraries, and there 
are 1,004 DEGs enriched in significant GO items and KEGG pathway. After aligning their 
promoter regions with an in-house developed cis-regulatory elements database, 40 cis-
regulatory elements in response to phytohormone were identified and most of them show 
response to ABA. Subsequently, with the use of on-line database WheatNet, a sulphur-
dependent epigenetics regulatory mechanism for wheat seed storage proteins biosynthesis 
was proposed, which suggests that high sulphur availability induces HMT-1 expression for 
methionine (Met) biosynthesis for an increased amount of Met for grain storage protein (20% 
Met) and secondary metabolites biosynthesis (80% Met). It also maintains redox homeostasis 
for protein polymerization. The proposed network was validated by the comparison of free 
amino acid dynamics between high and low sulphur treatments during grain filling, revealing 
that high sulphur availability can take advantage of more free amino acids to participate in 
biological processes for grain growth than low sulphur availability. Specifically, high sulphur 
viii 
 
application results in reduced asparagine residuals of mature grain (42 DPA), which will 
potentially decrease the acrylamide formation during breadmaking and thus reduce the 
chance of cancer development in human. 
In conclusion, this study demonstrates that although an incremental nitrogen application can 
increase GY, GPC, and grain protein yield, the NUE-GY and NUE-PY are decreased. High 
sulphur availability can increase GY and NUE-GY simultaneously. Finally, a nitrogen 
regulatory mechanism and a sulphur dependent mechanism of wheat grain protein 
polymerization were respectively revealed by proteomics study and transcriptomics study. 
Keywords: grain yield; grain protein content; grain filling; fertilization management; nitrogen 
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Chapter 1 Introduction 
1.1 Background 
Wheat (Triticum aestivum) is one of three major crops around global. Increasing wheat grain 
yield (GY) and grain protein content (GPC) are two crucial objectives to satisfy the 
incremental amount of population and their dietary needs. GY is a major determinant of 
farmers’ incomes and GPC is a primary consideration for various end-products. Therefore, 
for years, researchers are dedicating to reaching this aim, but obviously, this is a great 
challenge due to a combination of complex factors, which can be generally concluded as 
genetic controls and environmental impacts. In general, a negative relationship exists 
between GY and GPC. In another word, a growing GY is always accompanied by the cost of 
GPC, vice versa. Many studies are conducted to seek for gene resource to increase both GY 
and GPC through genetic approaches. By comparison, the modification of sulphur and 
nitrogen fertilization strategy is an effective approach to gain this goal. However, a higher 
and higher nitrogen fertilizer supplement results in serious environmental pollution and 
increasing input cost as the source becoming scarcer and scarcer. As a solution, an 
improvement of nitrogen use efficiency (NUE) is a crucial target in recent agricultural 
research. Meanwhile, without sufficient sulphur fertilization, wheat cannot reach their 
optimized yield and make efficient use of nitrogen. Additionally, adequate amount of 
nitrogen fertilizer is essential to trigger the positive effects of increased sulphur level in plant 
body. It was reported that wheat protein accumulation needs about 1 part sulphur for every 15 
parts nitrogen (Rasmussen et al., 1975; Gupta, 1976). Either nitrogen to sulphur ratio in grain 
more than 17/1 or S concentration in grain less than 0.2% would lead to S deficiency in wheat 
grain (Zhao et al., 1999a).  
Nitrogen attest to affect GPC, and sulphur is able to modify grain protein compositions. GPC 
and grain protein compositions are the major determinant of wheat flour suitability for 
various end-products such as bread, noodles, cake etc (Fig. 1-1). The processing quality 
mainly depends on the proportionate ratio of gluten fractions (Weegels et al., 1996). 
Traditionally, wheat grain protein is divided into gluten and non-gluten fractions. Gluten 
provides the unique extensibility and elasticity of dough that can be processed into various 
end products. It is well known that these properties are due to the existence of disulphide 
bonds. Based on the SDS-extractability, grain protein is divided into SDS-unextractable 
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polymeric protein (UPP) and SDS-extractable polymeric protein (EPP). Percentage of UPP is 
positively related with the formation of disulphide bonds in the dough matrix (Zhang et al., 
2008). Disulphide bond is formed between cysteine residue, which is the primary metabolite 
of sulphur (Shewry et al., 1997; Zhao et al., 1999a). Non-gluten fractions are mainly 
functional proteins such as chaperone and enzyme (Zhao et al., 1999a). They regulate the 
synthesis and accumulation of storage proteins components during grain growth. Therefore, 
the biosynthesis of grain protein is regulated by an interaction network of sulphur and 
nitrogen during grain filling. 
 
Figure 1-１ Wheat grain protein content and corresponding end-products 
1.2 Wheat grain protein and their impacts on quality 
1.2.1 Wheat grain protein classifications 
Bread wheat grain protein compositions are generally divided into gluten and non-gluten 
proteins (Fig. 1-2). Both gluten and non-gluten proteins are located mainly in embryo, 
aleurone layer and endosperm. The gluten protein fraction approximately accounts for 85% 
of total grain protein. Gluten is storage functional protein and mainly deposited in endosperm. 
Based on the solubility in aqueous alcohols and acid solution, gluten compositions are 
divided into polymeric glutenins and monomeric gliadins at a proportion of 40% and 60%, 
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respectively (Sapirstein et al., 1998). According to the molecular weight distribution (MWD), 
glutenins are classified into high molecular weight (70,000-90,000 Da) glutenin subunits and 
low molecular weight (20,000-45,000 Da) glutenin subunits (HMW-GS and LMW-GS), 
which account for 40% and 60% of glutenin compositions respectively. Based on the order of 
mobility on electrophoresis at low pH, monomeric gliadins are classified into α/β-, γ- and ω-
gliadin, which are about 55%, 30% and 15% in gliadin fractions, respectively (Osborne, 1907; 
Shewry et al., 2009). In terms of non-gluten protein, it includes albumins (water-soluble 
protein) and globulins (salt-soluble protein). They are mainly biochemical functional proteins 
such as chaperone and enzyme, which regulate the accumulation and synthesis of storage 
proteins, and grain growth (Singh et al., 2001; Bean et al., 2003; Majoul et al., 2004). 
 
Figure 1-２ Classical classification of wheat grain protein 
1.2.2 Wheat gluten protein variations and quality 
In wheat grain, gluten is the major composition of bread wheat grain storage protein at a 
proportion of 85%. They are mainly responsible for the processing quality of wheat dough. 
These proteins are among the first proteins isolated and studied by human beings. Their 
biological function is to provide carbon, nitrogen, and energy sources for seed germination 
and seedling growth. Mutations or silencing of such genes are not lethal for the plant, so the 
selection pressure on these genes is much lower than functional genes in evolution (Liu et al., 
2008). As a result, these genes can accumulate more mutations making them ideal model 
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molecules for studying a range of biological fundamentals. It is worth noting that past work 
has been primarily focused on applied sciences in utilizing these proteins, especially 
glutenins, to increase wheat end-product quality. Their value in theoretical research has been 
largely ignored. Extensive studies have provided a great amount of knowledge in terms of 
their structures and properties in relation to end-product quality. The first systematic study 
was conducted by Osborn (1907) to develop a classification for cereal-seed proteins based on 
their sequential extraction and differential solubility. Four different groups were classified, 
including albumins (soluble in water and dilute buffers), globulins (not soluble in water but 
soluble in saline solutions), gliadins (which are soluble in 70–90% ethanol), and glutenins 
(which are soluble in dilute acid or alkali). The two distinct groups of the gluten polymer that 
were classified reflected their solubility in 70% ethanol, namely glutenin and gliadins 
(Wrigley et al., 1996a; Shewry and Casey, 1999). While gliadins are single polypeptide 
chains (monomeric proteins), the glutenins are multichained structures of polypeptides that 
are held together by disulfide bonds. The very high molecular weight of these polymeric 
structures is responsible for their partial insolubility and for their distinct contribution to food 
product quality compared with that of the gliadins. Therefore, the classification of these 
proteins into monomeric and polymeric forms is a good indicator of their contribution to 
food/dough functional properties. This classification also reflects the localization of the genes 
controlling the synthesis of the respective polypeptides (Payne and Lawrence, 1983). 
In most dicotyledonous, and some monocotyledon seeds, the globulin types predominate in 
the grain. However, in the Triticeae (wheat, barley and rye) the major portion of seed proteins 
are not globulins, but classes of protein characterized by regular repetitive domains with 
unique and fundamental functional features that determine of wheat quality (Macritchie et al., 
1990; Shewry and Halford, 2002) and variation in these glutenin proteins either quantitatively 
or qualitatively has major effects on end-product quality. The predictive power of defining 
the complement of glutenin subunit proteins for flour processing properties in breeding 
populations has been demonstrated for different traits such as dough extensibility and 
elasticity (Eagles et al., 2002; 2004). Strong dough will form a cohesive mass that has 
resistance to extension and can retain stability during mixing. Such dough is able to hold the 
gas produced during fermentation within evenly distributed discrete cells in the dough 
structure. This results in a loaf crumb in which the gas cells are of regular size and even 
distribution. Such a crumb structure appears light in colour, fine and silky in structure, both 
highly desirable quality attributes. Soft gluten will allow the gas cells to expand excessively 
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during fermentation, causing their walls to collapse and the cells to coalesce together. The 
resulting bread will have very open texture with a coarse wall structure (Finney et al., 1987; 
Simmonds et al., 1989). 
The investigation of glutenin proteins in relation to dough properties have indicated two key 
variables, (1) the nature of the protein allele (Gras et al., 2001) and (2) the level at which the 
respective allele is expressed (Butow et al., 2003). In some cases, the control of the level of 
expression of seed storage protein has been well studied (Appels et al., 2003; Ravel et al., 
2006) but in general the interaction between promoters controlling gene expression and the 
environmental conditions during grain maturation have not been analysed in any detail. The 
DNA structures of most of the glutenin genes have been determined and, in some cases, the 
genomic regions carrying the genes have been sequenced (Anderson et al., 2003). The 
prolamins forming the polymer are mainly HMW-GS and LMW-GS, while the monomeric 
(polymer non-participating) prolamins are called α-, γ-, and ω- gliadins. In addition to the 
prolamins, other major wheat seed proteins include a wide assortment of proteins variously 
classified as globulins/albumins including the starch granule associated grain- softness-
protein and puroindolines, CM (chloroform-methanol soluble) proteins, amylase- and 
proteinase-inhibitors, thionins, and numerous other proteins of unknown function. It is worth 
noting that the α-gliadins are confirmed to be the source human celiac disease (CD) or wheat 
intolerance which is suffered by about 10% of Australian populations variation in CD 
epitopes in the α-gliadin gene family, hexaploid wheat has been extensively studied (Molberg 
et al., 2005; Spaenij-Dekking et al., 2005). 
HMW-GS is major determinant of gluten elasticity through promoting the formation of larger 
glutenin polymers and thus are key factors for breadmaking (Tatham et al., 1985). They are 
encoded by the Glu-1 loci Glu-A1, Glu-B1, and Glu-D1 that are located on the long arms of 
chromosome 1A, 1B and 1D, respectively. Each locus includes two genes linked together 
encoding two different types of HMW glutenin subunits, x- and y-type subunits (Payne et al., 
1981; Payne et al., 1987b; Shewry et al., 1992). The x-type subunits generally have a higher 
molecular weight than y-type subunits. Payne and Lawrence (1983) summarized the number 
of alleles at Glu-1 loci, three allelic forms for Glu-1A, eleven alleles for Glu-1B, and six 
alleles for Glu-1D. Later, more alleles have been identified as reported by McIntosh et al 
(2003) (see also Liu et al., 2003; Sun et al., 2006). Although six genes are existed for HMW 
glutenin subunits, due to gene silence, most hexaploid wheat cultivars possess three to five 
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HMW glutenin subunits (one to three subunits in durum wheat). All hexaploid wheats contain 
at least Bx, Dx, and Dy subunit in their endosperm, while most cultivars also contain a By 
subunit and an Ax subunit. The gene encoding Ay subunit is usually silent. Variation in the 
number of cysteine residues of HMW glutenin subunits has been exploited (Fig. 1-2). For 
example, the Dx5 subunit has an extra cysteine residue located at the N-terminal part of its 
repetitive domain and this subunit has frequently been found to associate with improved 
processing quality in bread wheat cultivars (Lafiandra et al., 1993; Gupta and MacRitchie, 
1994). Ax2*B is a novel variant of Ax2* subunit, and was found to contain an extra cysteine 
residue located in the middle of its repetitive domain (Juhász et al., 2003). This subunit exerts 
a positive effect on the gluten properties. In contrast, Bx14 and Bx20 subunit have reduced 
numbers of cysteine residues in their N-terminal domains (Shewry et al., 2003). Increased 
dough resistance can also derive from an increase in expression of Bx7 subunit and results in 
approximately 130 BU over the average of the alternative alleles at that locus (Butow et al., 
2003; Eagles et al., 2004). Compared to the normal Bx7 gene, the gene conferring Bx7 over-
expression has an 18 bp insertion in the central repetitive domain, which has been used to 
developed PCR markers for differentiating these two genotypes. Other allelic variant pairs 
had similar results, Glu-B1 subunits 17+18 (strong) versus subunits 20x+20y (weak) 
(Cornish et al., 2001). Statistical analysis of large numbers of durum wheat confirmed the 
strong correlation of γ-gliadin 45 with good process quality and γ-gliadin 42 with poor 
process quality. Moreover, loaf volume during baking process shows negative relationship 
with acetic acid-soluble glutenin and positive relationship with acetic acid-insoluble glutenin 
(Bushuk, 1998). Butow et al (2003) discovered that Glu-B1 and Glu-D1 encoded alleles are 
both important determinants of dough strength. On the other hand, compared to LMW-GSs, 
HMW-GSs have a significant impact on dough quality. Payne et al (1987a) has proved the 
HMW-GS allelic pair Dx2+Dy12 produces weaker and inferior dough than that of the allelic 
pair Dx5+Dy10. Besides, it has also been observed that cultivars with an overexpression of 
Glu-1Bx7 prove to improve dough strength by stabilizing the gluten network, whereas Glu-
1Bx17 and Glu-1Dx2 do not (D’Ovidio et al., 1997; Peña et al., 2005). However, Cornish et 
al (2001) suggested that dough extensibility was a more complex trait involving other 
parameters such as LMW-GS and gliadin compositions. Study showed that gliadins appear to 
be less important in determining bread quality, yet the addition of gliadins or the 
overexpression of certain gliadins can reduce dough strength (Fido et al., 1997). Taking one 
thing with another, hydrated gliadins have little elasticity but contribute to the viscosity and 
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extensibility of the dough system. By contrast, hydrated glutenins are responsible for both 
cohesive and elastic properties (Weiser, 2007). 
1.2.3 Gluten protein structures and their impacts on quality 
Typically, the structure of gluten protein is characteristic of three general domains, one 
central domain rich in repetitive structure constituting β-reverse turn, which answers for the 
length differences among glutenin of different types, and two terminal domains consisting of 
α-helix (Tilley et al., 2001). In terms of secondary and high order structure, gluten protein 
can aggregate to form a complex protein network through disulfide bonds during the dough-
mixing process. For years, this is thought to be the sole contribution to the tertiary structure 
or high order of the large polymers. In general, most y-type subunits contain seven cysteines 
(five in the N-terminal domain and one in each of the repetitive and C-terminal domains), the 
x-type subunits possess four cysteines (three in the N-terminal domain and one in the C-
terminal domain) (Köhler et al., 1993; Shewry et al., 1997b). However, different subunits 
possess different numbers of cysteines. For example, the subunit 1Dx5 has five cysteines 
(three in the N-terminal domain, and one in each of the repetitive and C-terminal domains) 
and 1Bx20 and 1Bx14 both have only two cysteines (one in the N-terminal domain and one 
in the C-terminal domain) (Shewry et al., 2003; Li et al., 2004), which form either intra-
molecular disulfide bonds within a HMW-GS or inter-molecular disulfide bonds between 
HMW-GS and other proteins (Fig. 1-3). Recently, extra covalent bonds, intermolecular 
crosslinks of tyrosines, were found to form in the form of isodityrosine or dityrosine at the 
site of repeats of pairs of tyrosine residues (YY) throughout the central repetitive domains 
during dough mixing and baking process among gluten proteins of wheat (Tilley et al., 2001). 
The oxidizing agents like ascorbic acid, azodicarbonamide (ADA), and potassium bromate 
(KBrO3) can facilitate the formation of dityrosine or isotyrosine during baking processing. 
Therefore, tyrosine is also important for the maintenance of secondary, tertiary or quaternary 
structure of gluten despite of a relative low proportion (3-5%). On the other hand, cysteine, 
glutathione, butylated hydroxytoluene (BHT) and other reductive agents are capable of not 
only cleaving disulfide bonds but also inhibiting tyrosine bond formation via their free radical 




Figure 1-３ Disulphide bonds and cysteine residue numbers (Shewry and Tatham, 1997a; 
Veraverbeke and Delcour, 2002) 
The large gluten polymers consisting of HMW-GSs, LMW-GSs and other relevant proteins 
determine the end-use value of wheat flour by affecting dough mixing and gluten formation. 
However, there is no definitive structural differences among different glultenin subunits, 
which show closely relationship with their ability to form gluten. Apart from the disulfide 
bonds in the gluten contribute to the process of dough formation, Tilley et al (2001) 
mentioned that tyrosine bonds catalysed by one or more peroxidases also contribute to the 
structure of gluten network as repeats of pairs of tyrosine residues (YY) presenting the central 
domains of all glutenin subunits. However, Peña et al (2006) indicated that crosslinks 
between tyrosine residues appear to be small and of little importance in the structure of the 
gluten network compared to the disulfide bonds formed between cysteine residues. Less than 
0.1% of the tyrosyl residues participate in the crosslinks by forming dityrosine, isodityrosine, 
trityrosine and pulcherosine, which is determined by the number of tyrosyl residues in the 
central repetitive domain of glutenins. Of those, dityrosine residues play only a minor role in 
the structure of wheat gluten (Hanft and Koehler, 2005). 
The gluten network of dough consists of proteins of different types and quantities, especially 
glutenins and gliadins, affording dough distinctive physiological and physiochemical 
properties. The classic interaction network of gluten involves the backbone formed by HMW-
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GSs joined by LMW-GSs and gliadins through disulfide bonds and noncovalent bonds, 
respectively (Don et al., 2003). Among them, the x-type HMW-GSs confer wheat gluten 
strength (W) and the ratio of tenacity/extensibility (P/L) and LMW-GSs, together with 
gliadins, function as solvent which modifies the rheological properties of dough either by 
interfering with the polymerization of HMW-GS, or by altering relative amounts of different 
glutenin subunit types (Peña et al., 2006). In detail, W was strongly relevant to the quantity of 
x-type HMW-GS, which might be explained by the presence of active x-type HMW glutenin 
alleles encoded by Glu-A1. It has been further confirmed by Halford et al (1992) that wheat 
carrying the active alleles of Glu-A1 can produce higher strength gluten. Besides, a positive 
correlation existed between rheological parameters W and P/L and the total quantity of x-type 
HMW-GSs, while a negative correlation was found between P/L and gliadins/HMW ratio and 
LMW/HMW ratio (Peña et al., 2005). As Ahmad et al (2000) proposed, correlations existed 
between gliadins and certain rheological variables. Thereupon, there must be a balance 
between different types of proteins for the formation of gluten network. That is that the 
HMW-GSs contribute to the formation of gluten network, and especially x-type glutenin 
subunits play an important role in the polymerization, whereas gluten and gliadins intervene 
the polymerization (Fig. 1-4). Furthermore, Uthayakumaran et al (2003) found the 
relationship between extensibility and gliadin quantity and the negative correlation between 
LMW-GSs quantity and P/L result in extensible property. The results indicate that the 
quantities of different gluten protein fractions are more important than the types of alleles 
available (Peña et al., 2005). 
 
Figure 1-４ Dough structure (Lindsay and Skerritt, 1999). Left, flour deficient in HMW-GS; 
right, normal flour. 
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Regulatory mechanism of gene expression performed by Wanous et al (2003) revealed that 
fifteen chromosome arms had significant effects on Glu-B1-1, nineteen on Glu-B1-2, twenty 
on Glu-D1-1 and twenty-five on Glu-D1-2. In addition, the orthologous loci (both x-type and 
y-type HMW-GS) are influenced by the same regulatory systems and less correlation present 
between paralogous genes, although considerable conservation was observed at this level. On 
the other hand, there are chromosome sequences not coding for any structural genes but 
affecting the expression of seed storage proteins encoded genes in wheat. Chromosome 1D 
and 2A sequences can affect the expression of gliadin genes located on chromosome 6A and 
6D, respectively (Brown and Flavell, 1981; Bittel et al., 1991). 
Different compositions of wheat storage proteins confer different dough physical properties 
that are required by different end-products (Wall, 1979; Weegels et al., 1996). For example, 
pasta making requires dough with high gluten strength, but dough for biscuit making is low 
gluten strength with high extensibility. Bread making needs moderate gluten strength and 
high extensibility dough, while noodle making needs dough with a balance of gluten strength 
and extensibility in order to protect dough from tearing during making process. In addition, 
confectionary products such as cake and cookie need flour with weak gluten (Bangur et al., 
1997). Therefore, it is the balance between elasticity and extensibility that determines the 
suitability and quality of wheat flour for different end-products. 
1.2.4 The metabolism behind visco-elastic property of dough 
It is worth noting that gluten functionality is due to the essential role of disulphide bonds. As 
mentioned above, disulphide bond (S-S) is formed between sulphydryl (-SH) groups of 
cysteine residue (Shewry et al., 1997a; Zhao et al., 1999a). The cysteine residue plays an 
important role in the formation of gluten network and maintaining gluten functionality. 
Dough elasticity is primarily associated with the polymeric glutenins, which form both intra- 
and inter-molecular disulphide bonds. On the other hand, dough extensibility is mainly 
resulted from the monomeric gliadins, which form only intra-molecular disulphide bonds 
(Shewry et al., 1997a; Singh et al., 2001; Shewry et al., 2002). It was reported that intra-
molecular disulphide bonds form more rapidly than inter-molecular disulphide bonds 
(Kasarda, 1999). According to the distribution of cysteine residues, gluten subunits can be 
divided into S-poor (ω-gliadins and HMW-GS) and S-rich (α/β-, γ-gliadins and LMW-GS) 
subunits. The α/β-, γ-gliadins and LMW-GS contain two or four times more cysteine residues 
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than HMW-GS; ω-gliadins even contain no cysteine or methionine residues (Shewry et al., 
1997a). 
Differences in sulphur availability may change the proportion of S-poor (ω-gliadin and 
HMW-GS) and S-rich (α/β-, γ-gliadin and LMW-GS) subunits and then alter the grain 
storage protein composition, which may eventually lead to the variation in grain quality 
(Moss et al., 1983; Wrigley et al., 1984; Castle et al., 1987; Fullington et al., 1987). Less 
sulphur availability in grain leads to an increase of S-poor subunits quantity including ω-
gliadin and HMW-GS, whereas there is a slight reduction in the amount of α/β/γ-gliadins and 
LMW-GS. Therefore, a decreased sulphur content is positively related with an increased ratio 
of HMW-GS to LMW-GS. These composition changes would lead to an increased elasticity 
and a decreased extensibility on gluten functionality (MacRitchie and Gupta, 1993; Zhao et 
al., 1999b). On the contrary, high sulphur availability in grain relates to an increase in 
proportions of S-rich subunits, which result in an increased proportion of LMW-GS, α/β/γ-
gliadins and a decreased percentage of HMW-GS and ω-gliadins, and then alter the whole 
molecular weight distribution (Moss et al., 1981; Wrigley et al., 1984; Fullington et al., 1987; 
Wooding, 1997; Zhao et al., 1999a). Ultimately, the effect of high sulphur content will 
decrease elasticity and simultaneously increase extensibility (Dupont et al., 2003; Field et al., 
1983). 
Based on the extractability of grain protein fractions in SDS extraction buffer, grain protein 
compositions could be divided into SDS-unextractable polymeric protein (UPP; glutenin 
macropolymer, GMP) and SDS-extractable polymeric protein (EPP). Percentage of UPP 
(UPP%; ≈20–40 mg g-1) in total grain protein is crucial in determining gluten strength and 
breadmaking quality (Wieser, 2007). UPP is positively related with the formation of gluten 
network which is formed by interlinking disulphide bonds and responsible for dough 
functionality. The percentage of UPP is a reliable reference for dough quality. The growth 
environment has less effect on UPP accumulation in the process of grain development. In 
contrast, EPP has been reported to be influenced by environmental factors (Gupta et al., 1993; 
Zhang et al., 2008). Although the accumulation of polymeric proteins starts as early as 7 days 
post-anthesis (DPA) and last during the entire period of grain development, whereas the 
accumulation of UPP fraction only begins at the later stage of grain development (from 30 to 
45 DPA). The formation of UPP is closely related to the process of moisture losses during 
grain filling (Carceller et al., 1999). It has also been reported that the significant changes in 
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size distribution of polymers is only during the later stage of seed development, which is in 
accordance with the period for sharp increase in glutenin subunits amount during cell division 
and enlargement. Glutenin subunits have a large amount of free SH groups and become 
oxidized during water loss, which is also the time for UPP formation (Gupta et al., 1996; 
Rhazi et al., 2003). 
Apart from the effects on gluten protein compositions, another possible impact of sulphur on 
dough quality is due to the tripeptide glutathione. Sulphur uptake is generally in the form of 
sulphate, which is then converted into cysteine for the formation of disulphide bonds in 
maintaining gluten functionality through various steps involving activation and reduction 
(Setya et al., 1996; Wray et al., 1998) (Fig. 1-7). Furthermore, the cysteine is synthesized into 
glutathione in free reduced (GSH) and free oxidised (GSSG) forms, as well as in the form of 
protein-glutathione mixed disulphides (PSSG) (Chen et al., 1995) (Fig. 1-5). Firstly, the 
balance between GSSG and GSH is maintained in favour of oxidants such as ascorbic acid 
and potassium bromate, acting as electron source (Grosch, 1986; Chen et al., 1996a; Bick et 
al., 1998). Free GSH could react with inter-molecular disulphide bonds, which results in 
breakdown of disulphide bonds, and damaging the structure of polymeric glutenins that 
ultimately weakens the elasticity of dough (Fig. 1-5). In another hand, free GSSG can react 
with SH groups of gluten proteins, which results in releasing of GSH and damaging the 
linkages of disulphide bonds and ultimately weakens the dough quality as well (Frater et al., 
1963; Jones et al., 1969) (Fig. 1-5). Therefore, a high sulphur supply to wheat may increase 
the formation of glutathione, which is negatively related with dough quality and tends to 
decrease wheat processing quality. 
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Figure 1-５ Disulphide bond reduction and oxidation (Chakravarthi et al., 2006). 1. Free 
cysteines. 2. Disulphide bonds formation. 3. PDI oxidization, increase in GSH. 4. PDI 
reduction, increase in GSSG. 5. Influx and efflux of GSH or GSSG from the ER. 
1.2.5 Non-gluten protein and their impacts on quality 
Previous research revealed that the biochemical functional proteins may also affect wheat 
quality through deposition in mature grain. Flour in poor quality could be improved through 
adding amylases and xylanases. It has been proved that pentosanase, glucoseoxidase, laccase 
and their combinations can change the quantity, quality, and visco-elastic properties of 
glutenin macropolymer (GMP). Pentosanase can enhance gluten elasticity, breadmaking 
rheological properties and water distribution (Jiménez and Martínez-Anaya, 2001). 
Glucoseoxidase makes the dough least extensible and most resistant. The combination of 
pentosanase and glucoseoxidase could improve dough extensibility (Primo-Martin et al., 
2003; Gao et al., 2009). In recent years, the benefits of endoxylanases which are able to 
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hydrolyse the xylan backbone of arabinoxylan has stimulated further interest in the 
breadmaking industry. Research revealed that endoxylanases attack the arabinoxylan xylan 
backbone in a random manner, causing a decrease in the polymerization of substrate and 
liberating oligomers, xylobiose and xylose with retention of their configuration. Moreover, 
endoxylanases can decrease the cross-linking of water unextractable arabinoxylan to bring 
arabinoxylan fragments in solution, thus increasing viscosity of aqueous phase. In 
breadmaking, endoxylanases are almost routinely used in flour mixtures to improve dough 
handling properties such as oven spring and loaf volume. 
Some high molecular weight albumins (HMW albumins) also have similar function as 
glutens because they are linked with gluten components through disulphide bonds (Gianibelli 
et al., 2001). Some HMW albumins disappeared rapidly during early seedling growth, which 
indicates that they might serve as nutrition source at the beginning of grain filling (Gupta et 
al., 1991). These proteins were not detected in roots, shoots and leaves, implying that they 
might be seed-specific as glutens. 
The most well-known enzyme for protein polymerization is protein disulphide isomerase 
(PDI), which can catalyse the formation, reduction or isomerization of disulphide bonds. 
Furthermore, it can catalyse the exchange between thiol (-C-SH) and disulphide, which 
occurs in sorts of protein substrates (Freedman, 1984; 1989). However, the expression of PDI 
at mRNA level is not consistent with the accumulation of storage proteins. The maximum 
expression of PDI is earlier than maximum accumulation level of gluten protein (Shimoni et 
al., 1995; Grimwade et al., 1996). d’Aloisio et al (2010) classified PDI and PDI-like 
sequences cloned from wheat into eight groups through phylogenetic analysis. The 
expression patterns of these eight groups in seven grain developing stages were analysed by 
real time PCR (Wang et al., 2013). The analysed caryopses covered the stages of endosperm 
development from cellularisation to desiccation. Previous studies showed that proteins 
encoded by genes in groups I, II, IV and V were involved in the folding of storages proteins 
in soybean. The expression patterns of PDIL1-1, PDIL2-1, PDIL4-1 and PDIL5-1 revealed 
considerable variations at transcriptional expression levels among these four groups. 
1.3 Grain development model 
Pfeifer et al (2014) reported that low numbers of preferentially expressed genes during grain 
growth in hexaploid wheat have also been observed in dicot Arabidopsis thaliana. This 
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suggests that there may be conserved regulatory principles across more than 100 million 
years of angiosperm evolution. Arabidopsis as a model plant to study the developing 
mechanism behind seed germination until maturation and dissociation is well documented. 
Briefly, morphophysiological events are determined through the processes of cell fate 
specification, differentiation, and degeneration under control of defined genetic specification 
and tissue interactions. All the individual tissue is integrated into a master program directed 
by endosperm and embryo. Embryo morphogenesis is initiated by double fertilization of the 
embryo sac, giving rise to the endosperm and the zygote. The triploid endosperm (2n 
maternal + n paternal) continues nuclear division without cell wall formation, leading to the 
nuclear endosperm followed by cellularization and differentiation. The following radial 
microtubule formation, callose deposition and alveolation result in a cellularized endosperm. 
Therewith, in dicot Arabidopsis, the cellularized endosperm is consumed by embryo as 
nutrition source during maturation. By comparison, in monocot wheat, the cellularized 
endosperm undergoes programmed cell death (PCD) without degeneration with the 
accumulation of starch and storage protein, while the embryo remains tiny with the 
accumulation of lipids and globulins during maturation (Santos-Mendoza et al., 2008; 
Sreenivasulu and Wobus, 2013). Finally, in the mature grain of hexaploid wheat, the main 
reserved compounds starch and protein takes up about 70-80% and 8-14% in general (Shewry 
et al., 2009). 
1.4 Nitrogen and sulphur metabolism during grain growth 
1.4.1 Nitrogen metabolism pathway 
Nitrogen mechanism includes nitrogen uptake from soil, nitrogen remobilization mainly from 
leaves to grains, and major nitrogen assimilation in grains (Fig. 1-6). Each step has been well 
documented for many years. In general, nitrogen assimilation begins with nitrate uptake by 
the roots and transport to the shoots by nitrate transporters. During this process, nitrate 
reductase (NR) reduces nitrate to nitrite in the cytoplasm, and subsequently nitrite is reduced 
to ammonium by nitrite reductase (NiR) in the plastids. In addition, a certain amount of 
ammonium is directly transported by ammonium transporters (AMTs). Ammonium is further 
assimilated into glutamine (Gln) and glutamate (Glu) by glutamine synthetase (GS) and 
glutamate dehydrogenase (GDH) through the GS/GOGAT cycle (Lam et al., 1996; Foyer et 
al., 2003; Xu et al., 2012). Glutamine can be converted into asparagine (Asn) and glutamate 




Figure 1-６ Nitrogen metabolism pathway (Hirel et al., 2001) 
1.4.2 Sulphur metabolism pathway 
Hesse et al (2004) showed that sulphur metabolic processes start with sulphate uptake by the 
corresponding transporter. Subsequently, sulphate is activated by covalent binding to ATP 
via an ATP-sulphurylase-catalysed (ATPS) reaction to form adenosine 5’-phosphosulfate 
(APS). APS is reduced to sulphite by APS reductase (APR) and then sulphite is reduced to 
sulphide by sulphate reductase (SiR). The sulphide is then transferred to activated serine by 
O-acetylserine (thiol) lyase (OASTL) to form cysteine (Scheerer et al., 2009). It is important 
to note that serine acetyltransferase (SAT) is the rate-limiting enzyme in cysteine 
biosynthesis (Kawashima et al., 2005). Serine is converted into O-acetylserine (OAS) by the 
catalytic activity of SAT while bound to OASTL in a multi-enzyme mixture known as 
OASTL-SAT mixture. OASTL, on the other hand, becomes only active in cysteine 
biosynthesis once released from the complex (Sirko et al., 2004; Liszewska et al., 2007). 
Cysteine is the end-product of sulphur metabolism and the mainly responsible for the 




Figure 1-７ Sulphur metabolism pathway (Zhao et al., 1999a) 
1.4.3 Nitrogen and Sulphur crosstalk in wheat quality 
Previous study reported that the changes in nitrogen availability mainly affect grain protein 
content, while variable sulphur concentration affects grain protein compositions (Wrigley et 
al., 1984). Plants tend to maintain a relatively constant ratio of sulphur and nitrogen (Flæte et 
al., 2005). In wheat grain, sulphur deficiency appears either when nitrogen to sulphur ratio is 
 17 or sulphur concentration is < 0.2% (Zörb et al., 2009). Recently, a report indicated that 
the impacts of variable sulphur concentration on breadmaking quality are more significant 
than changes in nitrogen availability (Zhao et al., 1999a). However, based on the result of 
farinograph and extensograph tests, sulphur has no effect on dough property without nitrogen 
fertilizer. Therefore, only with high nitrogen availability, sulphur can alter dough quality (De 
Ruiter and Martin, 2001). However, nitrogen does not always induce positive effects of 
sulphur on improving wheat quality. It may result in a provoking of sulphur deficiency. In 
parallel with this, some reports also claimed that moderate nitrogen concentration is enough 
for motivating the positive effects of incremental sulphur concentration in enhancing dough 
quality (Zhao et al., 1999b; Lerner et al., 2006). Taken together, appropriate sulphur and 
nitrogen fertilization is required to optimize protein synthesis during grain filling. 
1.5 Knowledge gaps 
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As mentioned above, an incremental nitrogen application could concurrently drive GY and 
GPC, but the side effects are increasingly significant, so that the improvement of NUE is a 
primary target in modern agricultural research. In comparison to relatively complex genetic 
approaches such as marker assisted selection and molecular breeding, optimizing the nitrogen 
and sulphur fertilizer regime is more simple and effective. Therefore, a clear understanding of 
nitrogen and sulphur interaction mechanisms during plant growth and grain filling could 
assist in modifying nitrogen and sulphur uptake through optimization of fertilizer amount and 
application stage. However, the current knowledge is rather limited in this area. 
Since the major impacts of different fertilizer regimes were on gene expression levels to 
regulate the subsequent mechanism, we carried out a comparative transcriptomics study to 
identify the differentially expressed genes in response to different sulphur availabilities. The 
development of next generation sequencing (NGS) technology makes high throughput 
sequencing possible (Schuster, 2007). RNA-seq for transcriptomics study is an ideal 
approach to seek differentially expressed genes (DEGs) between high and low sulphur 
treatments. Generally, after constructing a cDNA library of each sample, the raw reads would 
be generated by the sequencing platform (Wang et al., 2009). Afterwards, with a combination 
of bioinformatics analysis, the significant DEGs between high and low sulphur treatments 
can be identified, and subsequently, their roles in regulating nitrogen and sulphur metabolic 
mechanism can be elucidated. Additionally, differentially expressed proteins (DEPs) can be 
identified between high and low nitrogen treatments using two-dimension gel electrophoresis 
(Wu et al., 2006). The significant DEPs with a threshold of differential expression of greater 
than two times may play pivotal role in the nitrogen metabolic mechanism. 
Apart from these, various wheat end-products such as bread, noodle and cookies require 
different GPC and grain protein compositions. Size-exclusion high performance liquid 
chromatography and reversed-phase high performance liquid chromatography are both 
effective tools to detect UPP content and protein compositions under a range of nitrogen and 
sulphur treatments (Malik et al., 2013; Yu et al., 2013). 
1.6 Aims of this study 
Australia is the fourth largest wheat exporter around the world, exporting about 18 million 
tonnes annually. Comparing with the three leading countries, the GPC of Australian wheat is 
lower, which is mainly due to the rather sandy soil in Australian farmland that contains less 
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nutrition for plant growth (Fig. 1-8). Additionally, the rainfall amount and distribution are 
often sub-optimal for protein accumulation during grain filling (Fig. 1-8). These all exert 
adverse impacts on the international marketability of Australian wheats. Meanwhile, 
excessive application of nitrogen fertilizer not only increases on-farmers expenditure, but its 
runoff into waterways results in environmental damage. Moreover, application of sulphur 
fertilizer is often inadequate. Obviously, modification of nutritional supply is much easier 
than genetic approaches in optimizing the grain crop. Therefore, this study focuses on a non-
genetic approach to optimizing wheat GPC and grain protein composition. This will be 
achieved through investigating a series of agronomically important traits and protein 
parameters using multi-year & site field trials as well as glasshouse experiments to 
understand the constant performance of a range of Australian bread wheat varieties under 
different combinations of nitrogen and sulphur treatments, followed by an illustration of the 
underlying nitrogen and sulphur regulatory mechanisms involved in grain development. Six 
Australian bread wheat varieties including Spitfire, Mace, Westonia, Bonnie Rock, 
Wyalkatchem and Livingston from different Australian wheat quality classification 
categories were selected for this study. Mace, Bonnie Rock and Livingston are Australian 
Hard wheat, while Westonia and Wyalkatchem are Australian Premium White wheat, and 
Spitfire is Australian Premium Hard wheat. Among them, Mace is a Wyalkatchem type 
variety with improved GY, and characterized as very high and stable GY, whereas Spitfire is 
featured as both higher GY and higher GPC (≥ 13%). The ultimate aim of this study is to 
establish a nitrogen and sulphur fertilization strategy that achieves both high GY and high 
GPC without NUE as penalty, and to elucidate the underlying mechanism of nitrogen and 
sulphur metabolism. 
An outline of this study: 
(1) Understand the impact of nitrogen availability on nitrogen-use efficiency related 
agronomic traits and morphological traits, protein parameters, and its underlying 
mechanisms (Chapter 2). 
(2) Understand the impact of sulphur deficiency on nitrogen metabolism and wheat grain 
protein biosynthesis (Chapter 3). 
(3) Understand the physiological responses and co-gene networks of wheat seed storage 
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Chapter 2 Wheat grain protein accumulation and polymerization 
mechanisms driven by nitrogen fertilization 
2.1 Abstract 
Wheat (Triticum aestivum) grain yield and grain protein content are negatively correlated, 
making the simultaneous increase of the two traits challenging. Apart from genetic 
approaches, modifying nitrogen fertilization offers a controllable option to achieve this aim. 
In this study, a range of traits related to nitrogen-use efficiency in six Australian bread wheat 
varieties were investigated under different nitrogen treatments using three-year multisite field 
trials. The changes in the individual storage protein composition content were detected by 
high-performance liquid chromatograph technology. Our results indicated that wheat grain 
yield and grain protein content reacted similarly to nitrogen availability, with grain yield 
being slightly more sensitive than grain protein content, and that genotype is a vital 
determinant of grain protein yield. The measurement of the glutamine synthetase activity of 
flag leaves and developing grains revealed that high nitrogen availability prompted glutamine 
participation in biological processes. In addition, a more significant accumulation of SDS-
unextractable polymeric proteins was observed under the high-nitrogen treatment from 21 
DPA, and the underlying mechanism was elucidated by a comparative proteomics study. The 
results of this study suggested that PPIase was SUMOylated with the assistance of SUMO1 
and high that nitrogen availability facilitated this connection for the subsequent protein 
polymerization. Additionally, the BIP2 in the endoplasmic reticulum played a similar role to 
PPIase in protein aggregation under high-nitrogen conditions. In conclusion, in fixed 
genotype, grain yield tends to be more reliable in predicting grain protein yield and NUE than 
grain protein content. Genotypic variation is an important determinant of grain protein yield 
as well. In addition, high nitrogen availability facilitates the interaction of SUMO1 and 
PPIase to improve protein aggregation during grain filling. 
Keywords: comparative proteomics; grain yield; grain protein content; nitrogen-use 




Wheat (Triticum aestivum) is an essential protein source for human nutrition. The concurrent 
improvement of wheat grain yield (GY) and grain protein content (GPC) has been a 
challenging long-term breeding target. GY is a major determinant of farmer profits, while 
different GPCs of existing wheat cultivars target different end-products, such as bread, 
biscuits and noodles. The correlation between wheat GY and GPC is generally negative, and 
little is currently known about whether this correlation mainly depends on genetic or 
environmental factors (Groos et al., 2003). Studies on the genetic components of GPC have 
revealed that a QTL located on chromosome 6B explains 66% of the phenotypic variations in 
GPC (Perretant et al., 2000; Zanetti et al., 2001). Uauy et al (2006) reported the successful 
positional cloning of this QTL, named GPC-B1, which functions in increasing grain protein, 
zinc, and iron contents. The ancestral wild wheat allele encodes an NAC transcription factor, 
NAM-B1, which is involved in accelerating senescence and increasing nutrient remobilization 
from leaves to developing grains. Modern wheat varieties, on the other hand, carry a 
nonfunctional NAM-B1 allele. In 2013, Bordes et al reported that 31 regions spread over 16 
chromosomes were involved in the control of GY variations, and another 24 regions, also 
spread over 16 chromosomes, were involved in the response to nitrogen input levels, as 
assessed by GY. Apart from genetic factors, noncontrollable environmental impacts such as 
rainfall and temperature contribute to GY. Crop management offers some level of control, 
whereby a well-designed fertilization strategy is key to the optimization of GY and GPC 
during grain development. An appropriate amount of nitrogen fertilizer at the right growth 
stage is crucial to obtain the desired GY and GPC. The excessive application of nitrogen may 
increase susceptibility to disease and water usage in the early growth stages, whereas 
insufficient nitrogen may have a negative impact on GY and GPC. The application of 
nitrogen at sowing or before stem elongation drives greater biomass accumulation and GY, 
while the application of nitrogen near anthesis has less of an impact on GY but can generate 
more GPC (Orloff et al., 2012). A field trial at Parkes, New South Wales, Australia, showed 
that GPC leveled off at 11.2% with increasing nitrogen application, and beyond that point, 
only the protein content continued to increase (Neil et al., 2012). A motivating factor of 
earlier work and this study is the fact that nitrogen fertilizer represents the highest input cost 
to farmers, but only 30 to 40% of the applied nitrogen can be utilized by crop plants, which 
means that more than 60% of the nitrogen is lost to leaching, denitrification and volatilization. 
A 1% increase in nitrogen use efficiency (NUE) would save an estimated 1.1 billion USD 
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annually (Kant et al., 2010). Therefore, the effective use of nitrogen is critical to the 
concurrent increase in GY and GPC and the reduction of unnecessary input wastage. 
NUE results from the integration of nitrogen uptake efficiency (NUpE) and nitrogen 
utilization efficiency (NUtE) (Xu et al., 2012). In detail, NUpE is the plant’s ability to extract 
nitrogen from the soil and depends on root architecture and the interaction of nitrogen 
transporters with different nitrogen-containing compounds, mainly ammonium and nitrate 
(Masclaux-Daubresse et al., 2010). Ammonium mainly stimulates the initiation of lateral 
roots, whereas nitrate strongly promotes the elongation of lateral roots (Bloom et al., 2002). 
Three families of nitrate transporters are known in Arabidopsis, namely, NRT1, NRT2 and 
CLC. Both the NRT1 and NRT2 families are plasma membrane-located proton nitrate 
symporters. Among them, 53 AtNRT1 genes have been characterized as low-affinity nitrate 
transporters. Seven AtNRT2 genes have been characterized as high-affinity nitrate 
transporters, whereby some family members have to physically conjugate with nitrate 
assimilation-related proteins for proper nitrate transportation at low nitrogen concentrations 
(Remans et al., 2006b). CLCa can mediate nitrate accumulation in the vacuole (De Angeli et 
al., 2006). The two families of ammonium transporters in Arabidopsis, AMT1s and AMT2s, 
represent at least three functional genes encoding AMT1 proteins. Like NRT1 and NRT2, 
AMT1 proteins are plasma membrane-located transporters that function as ammonium 
uniporters or ammonia/proton symporters (Yuan et al., 2007). At present, the roles of the 
AMT2 members are less understood than those of AMT1. Phylogenetic analysis has revealed 
that the AMT2 proteins are very distantly related to the AMT1 proteins and are more closely 
related to some bacterial ammonium transporters. It is worth mentioning that a 
phosphorylation-dependent allosteric negative feedback mechanism of AMT proteins is 
involved in preventing the excessive accumulation of ammonium (Von Wittgenstein et al., 
2014). 
NUtE depends on both the nitrogen source-to-sink remobilization efficiency and nitrogen 
assimilation efficiency at the sink. A recent model of the source and sink relationship of 
nitrogen uptake and redistribution was based on the assumption that the grain nitrogen 
demand is determined by the sink (Jamieson and Semenov, 2000). Subsequently, Gaju et al 
in 2014 reported that sink limitations are a major consideration for grain development when 
nitrogen availability is limited. However, the mechanism of source-to-sink nitrogen 
remobilization remains unclear in wheat. Some nitrogen compounds are assimilated by roots 
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and transported in the form of amino acids, while a larger amount of nitrogen is transported 
in the form of nitrate and ammonium and then assimilated in the leaves (Xu et al., 2012). 
Generally, nitrate is reduced in the cytoplasm to nitrite by nitrate reductase, with an 
additional reduction to ammonium by nitrite reductase in the plastid. The ammonium enters 
the glutamine synthetase/glutamine-2-oxoglutarate aminotransferase (GS/GOGAT) cycle to 
be assimilated as glutamine (Gln). In addition to glutamine synthetase (GS), asparagine 
synthetase is a crucial nitrogen assimilatory enzyme, catalyzing the formation of asparagine 
and glutamate from Gln and aspartate (Good et al., 2004). Approximately 40% to 90% of 
grain nitrogen in wheat originates from the remobilization of nitrogen stored in vegetative 
tissues, including leaf, stem, sheath, chaff and root tissues, before anthesis. During grain 
filling, these tissues function as nutrient sources. Thus, the rate of nitrogen remobilization 
depends on the amount of nitrogen stored in vegetative parts at anthesis. In particular, 
nitrogen remobilization in the leaf and leaf sheath is generally more efficient than that in 
other organs, as indicated by the high (18%) nitrogen contribution of the leaf and leaf sheath 
to filling grains and the positive correlation between flag leaf nitrogen remobilization level 
and the nitrogen yield per spike and unit area (Bogard et al., 2011). Leaf senescence results in 
the remobilization of a large amount of nitrogen compounds to the grain. RuBisCo (Ribulose-
1,5-bisphosphate carboxylase/oxygenase) is known to take up 50% and 20% of the total 
soluble proteins in the leaves of C3 plants and C4 plants, respectively, and serves as a major 
source of nitrogen remobilized into developing seeds during leaf senescence. RuBisCo is 
subjected to proteolysis by the toxic effects of reactive oxygen species (Zhu et al., 2008). In 
plants, different proteolysis mechanisms are located in different cell compartments. Among 
them, the well-documented ubiquitin 26S proteasome mechanism is used for the removal of 
short-lived and abnormal proteins, which is necessary for the maintenance of normal plant 
growth (Vierstra, 1996). Altering nitrogen remobilization to delay leaf senescence may result 
in a ‘stay-green’ phenotype by increasing the photosynthesis period and consequently the GY. 
However, this may result in a low GPC, which negatively affects breadmaking quality by 
reducing loaf volume and viscoelasticity (Gaju et al., 2014). One option to reduce the adverse 
impacts of protein dilution when raising NUE is to modify the make-up of the components 
capable of enhancing protein polymerization without affecting the total GPC (Gaju et al., 
2011). Generally, disulphide bonds are regarded as the determinant bridges of protein 
polymerization. The polymeric glutenins in wheat are formed by inter-molecular disulphide 
bonds, whereas gliadins are composed of monomeric proteins linked by intra-molecular 
disulphide bonds (Wieser, 2007). 
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To increase NUE while maintaining the rheologic properties of wheat grain, this study 
investigated a set of NUE-related agronomic traits in six Australian bread wheat varieties via 
field trials with five different nitrogen fertilization treatments. Additionally, selected protein 
parameters were measured for two varieties under four nitrogen fertilization treatments in a 
glasshouse. Furthermore, protein accumulation patterns were monitored throughout grain 
development for the cultivar Spitfire. A comparative proteomics study was conducted to 
reveal the nitrogen-regulated mechanisms involved in protein polymerization during grain 
filling. 
2.3 Material and methods 
2.3.1 Plant material, growth conditions and sample collection 
Plant materials 
Six Australian bread wheat cultivars including Spitfire, Mace, Westonia, Bonnie Rock, 
Wyalkatchem and Livingston from different Australian wheat quality classification 
categories were selected for this study. In detail, Mace, Bonnie Rock and Livingston are 
Australian Hard (AH) wheat, while Westonia and Wyalkatchem are Australian Premium 
White (APW) wheat, and Spitfire is Australian Premium Hard (APH) wheat. Among them, 
Mace is a Wyalkatchem type variety with improved GY that is characterized by a very high 
and stable GY, whereas Spitfire features both a higher GY and a higher GPC (≥ 13%). 
Glasshouse experiments 
Two seasons of glasshouse experiments were conducted in 2014 and 2015. Plants of cv. 
Spitfire and Wyalkatchem were transplanted after germination into 24.4 L cubic pots filled 
with 10 kg low nitrogen containing soil (1.0 mg kg-1ammonium nitrogen and 6.0 mg kg-1 
nitrate nitrogen) delivered from the Katanning agricultural research station of Department of 
Agriculture and Food, Western Australia (DAFWA). The experimental treatments consisted 
of four levels of nitrogen supply, i.e., 0, 25, 100 and 200 kg ha-1, with six biological replicates 
per treatment. Three basal fertilizers with 10, 60 and 100 kg ha-1 sulfur, phosphorus and 
potassium, respectively, and urea (46% N), gypsum (18% S), triple superphosphate (20.5% P) 
and muriate of potash (50% K) were used as the sources of nitrate, sulfur, phosphorus and 
potassium. All the fertilizers were mixed with the soil before transplanting using potting mix, 
and the pots were arranged in a randomized complete block design. The growth conditions in 
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the glasshouse were an average temperature of 20°C/11°C (day/night) for 16 hrs/8 hrs 
(light/dark). Each pot was watered every morning with demineralized water, and the soil 
moisture was adjusted to 70% field capacity. The flag leaves were collected at flowering time, 
and the main stem grains were targeted and collected at 7-day intervals, with sample 
collection from 7 to 42 days post-anthesis (DPA). Two or three grains from the central stem 
were taken and immediately frozen in liquid nitrogen and then stored at -80°C for protein 
extraction. During harvesting, the peduncles of Spitfire and Wyalkatchem under the four 
nitrogen treatment levels were collected for measurements of morphological traits, i.e., neck 
diameter, head weight, peduncle length, keycard diameter, neck to card, and straw weight 
using an Instron 5543 flexural strength analyser (INSTRON, USA. In addition, straw 
diameter was measured using a chromometer (Fig. S2-2). 
Field trials 
Six varieties were cultivated under five nitrogen treatments for three years at three DAFWA 
agricultural research stations. Two sites were at Katanning (2014 and 2015) and the third one 
was at Wongan Hills (2016). The annual rainfalls of the Katanning and Wongan Hills fields 
were 350 mm and 440 mm, respectively, and the trials were sown in May after a rain event. 
The soils of the three sites are all low in nitrogen components, with ammonium 
concentrations of 1.0, 2.0 and 1.0 mg kg-1and nitrate concentrations of 6.0, 6.0 and 4.0 mg kg-
1 in Katanning (2014), Katanning (2015), and Wongan Hills (2016), respectively. The 
nitrogen treatments consisted of five nitrogen supply levels, 0, 25, 50, 100 and 200 kg ha-1, 
with three biological replicates each. Three basal fertilizers with 10, 60 and 100 kg ha-1 of 
sulfur, phosphorus and potassium, respectively, which were the same fertilizers used in the 
glasshouse experiment, and urea (46% N), gypsum (18% S), triple superphosphate (20.5% P) 
and muriate of potash (50% K) were used as the sources of nitrate, sulfur, phosphorus and 
potassium. All the fertilizers were applied before sowing and the amount of urea for each 
combination was calculated according to the fertilization design. The plot size for both the 
2014 and 2015 trials was 10 × 1.54 = 15.4 m2, and the plot size for the 2016 trial was 3 × 1.1 
= 3.3 m2. After harvesting, the GY and GPC (protein percentage, protein%) of each plot were 
measured. Protein yield was calculated as GY multiplied by GPC. NUE was calculated as 
NUE in relation to GY and grain protein yield (NUE-GY and NUE-PY), i.e., as GY and grain 
protein yield per kg of nitrogen applied per m2, respectively. 
2.3.2 Protein extraction, separation and quantification 
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Extraction of SDS-unextractable polymeric proteins 
The extraction of SDS-unextractable polymeric protein (UPP) was performed according to 
Batey et al (1991). Generally, 100 mg of grain was ground into wholemeal flour using 
TissueLyser II from Qiagen, followed by the addition of 1 ml 0.05 M phosphate buffered 
saline pH 6.9 (PBS, HPLC grade) buffer with 0.05% sodium dodecyl sulphate (SDS) without 
sonication. After removing the supernatant SDS-extractable polymeric proteins (EPP), 
another 1 ml 0.05 M 0.05% SDS PBS extraction buffer pH 6.9 was added to the precipitate 
for UPP extraction. The pellet was suspended in the solution and sonicated for 1 min at 300 
W power (15 rounds of 2-sec pulse and 2-sec interval). Afterwards, the supernatant was 
collected as UPP. 
Size-exclusion high-performance liquid chromatography 
The separation and quantification of UPP was performed by a size-exclusion high-
performance liquid chromatograph (SE-HPLC) using an Agilent 1200 LC system (Agilent 
Technologies, http://www.agilent.com). Ten μl of the extracts was injected into a Bio SEC-5 
(4.6×300 mm, 500 Å, Agilent Technologies) column maintained at room temperature. The 
eluents were ultrapure water (solvent A) and acetonitrile (solvent B), each containing 0.1% 
trifluoroacetic acid (TFA) (HPLC grade, Sigma Aldrich). The flow rate was adjusted to 0.35 
ml min-1. Proteins were separated by using a constant gradient with 50% of solvent A and 
50% of solvent B over 15 mins and detected by UV absorbance at 214 nm. Each sample was 
sequentially injected twice for technical replication. After each run, the column was washed 
with 50% ultrapure water (solvent C) and 50% methanol (Solvent D) at 0.2 ml min-1. Both 
the acetonitrile and methanol were HPLC grade (Fisher Scientific). 
Extraction of glutenins 
Glutenins were extracted according to Yu et al (2013). Briefly, 100 mg grain was ground into 
wholemeal flour using TissueLyser II from Qiagen, followed by the addition of 70% ethanol 
for gliadins extraction, and then 55% isopropanol was added to the precipitate to remove 
albumins and globulins. Subsequently, 1 M Tris-HCl pH 8.0 and 1% dithiothreitol (DTT) 
were used to disrupt the disulphide bonds, followed by the addition of 1.4% 4-vinylpyridine 
to prevent the formation of reductive disulphide bonds. Lastly, glutenins were precipitated 
with 60% of cold acetone. After purifying the extract with 100% ethanol and acetone 
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containing 0.07% β-mercaptoethanol (β-ME), the final extract was kept in a solution 
containing 0.05% TFA and 50% acetonitrile. 
Reverse-phase high-performance liquid chromatography 
The separation and quantification of glutenin subunits was performed by a reverse-phase 
high-performance liquid chromatograph using an Agilent 1200 LC system (Agilent 
Technologies, http://www.agilent.com). Ten μl of the extracts was injected into a C18 
reversed-phase Zorbax 300 StableBond column (4.6×250 mm, 5 µm, 300 Å, Agilent 
Technologies) maintained at 60°C. The eluents were ultrapure water (solvent A) and 
acetonitrile (solvent B), each containing 0.06% TFA (HPLC grade, Sigma Aldrich). The flow 
rate was adjusted to 0.6 ml min-1. Proteins were separated by using a linear gradient from 
21% to 47% of solvent B over 45 mins and were detected by UV absorbance at 214 nm. After 
each run, the column was balanced for 15 mins. Every sample was sequentially injected twice 
for technical replication. After 18 runs, the column was washed with 50% ultrapure water 
(solvent C) and 50% methanol (Solvent D) using a 0.5 ml min-1 flow rate. Both acetonitrile 
and methanol were HPLC grade (Fisher Scientific). 
The quantification of SDS-unextractable polymeric proteins and glutenin compositions 
Chromatograms were processed using ChemStation for LC 3D systems software (Revision 
B.03.02 [341], Agilent Technologies). Four SE-HPLC peaks (P1, P2, P3 and P4) 
corresponding to each EPP and UPP component were identified as glutenins (P1), gliadins 
(P2+P3), and albumins and globulins (P4) following the methods of Johansson et al (2001) 
and Sissons et al (2005). The UPP percentage (UPP%) calculation was performed using the 
area-under-the-peak method. Thus, UPP% = (P1 after sonication)/(P1+P1 after sonication). 
Two obvious boundary areas in the glutenins chromatogram corresponded to high molecular 
weight glutenin subunits (HMW-GS) and low molecular glutenin subunits (LMW-GS) based 
on the hydrophobicity of each component (Lookhart and Scott, 1995). The amount of each 
glutenin subunit was calculated as the percentage of total glutenins divided by the total area 
under the chromatogram trace of each subunit. The ratio of HMW-GS to LMW-GS (Hi/Lo) 
was calculated as the back-boundary area divided by the front boundary area. 
Extraction of albumins and globulins 
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Albumins and globulins were extracted according to Gao et al (2009). The frozen grains were 
ground into fine powder under liquid nitrogen and 500-mg samples were extracted for 2 hrs 
with 2.5 ml extraction buffer (50 mM Tris-HCl, pH 8.0, 0.1 M KCl, 5 mM EDTA, 30% 
sucrose) containing 1 mM PMSF. After centrifugation for 15 mins at 13,000 rpm, 
supernatants were transferred into a new tube, to which 1.2 volumes of Tris-phenol was 
added. After centrifugation for 15 mins at 13,000 rpm, the supernatants were transferred into 
a new tube and five volumes of acetamide-methanol was added to the supernatants. 
Precipitation was allowed to proceed for at least 4 hrs at -20°C, followed by centrifugation at 
13,000 rpm for 15 mins. The pellets were rinsed with DTT-acetone, and then centrifuged at 
13,000 rpm for 5 mins. This step was repeated three times. After freeze-drying, the final 
pellets were dissolved into 200 µl lysis buffer (7 M urea, 2 M thiourea, 4% CHAPS) for at 
least 2 hrs. The insoluble material was removed after centrifugation and the protein 
concentration of the supernatants was measured using a 2D Quant Kit (Amersham Bioscience, 
USA). 
Two-dimensional gel electrophoresis and differentially expressed protein identification 
The two-dimensional gel electrophoresis (2-DGE) methodology was based on Gao et al 
(2009). Briefly, the IPG strips (pH 3-10, 18 cm, GE Healthcare) were rehydrated with 350 µl 
of protein solution for 12 hrs in a protein isoelectric focusing (IEF) cell (Bio-Rad) at 30 V. 
The setting for IEF was 1 hr at 500 V, 1 hr at 1000 V, a gradual increase to 4,000 V over 1 hr, 
and a final focus at 8,000 V until 80,000 V in the dark. Afterwards, the strips were 
equilibrated for 15 mins in 10 ml equilibration buffer (0.05 M Tris-HCl, pH 8.8, 6 M urea, 
30% (v/v) glycerol, 2% (w/v) SDS, 1% DTT and a trace of bromophenol blue), and then 
treated for another 15 mins with 4% iodoacetamide instead of DTT in the same equilibration 
buffer. Subsequently, the equilibrated strips were loaded on the top of 12% SDS-
polyacrylamide gels and sealed with 0.5% (w/v) agarose. All samples were run in triplicate at 
15 mA per gel for the first 45 mins, followed by 30 mA until the end of the run. The gels 
were stained with colloidal Coomassie Brilliant Blue G-250 (Sigma, St. Louis, MO, USA), 
and subsequently scanned with a 2-DGE Proteomic Imaging System Image lab 5.0 (Bio-Rad). 
Image analysis was carried out using ImageMaster 2D Platinum 7 (GE Healthcare). Protein 
spots with a difference in volume of at least 2-fold between samples were selected for the 
following identification step, and the statistical significance was determined at P ≤ 0.05. 
The mass spectrometry identification of the selected protein spots was carried out by 
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Proteomics International Ltd. Pty, Perth, Australia. Samples were digested with trypsin. 
Tryptic peptides (3 µl per sample) were loaded onto a C18 PepMap100 column (LC Packings) 
and separated with a linear gradient of water/acetonitrile/0.1% formic acid (v/v) using an 
Ultimate 3000 nano-HPLC system. The HPLC system was coupled to a 4000 QTRAP mass 
spectrometer (Applied Biosystems). Samples were matched with the Viridiplantae database in 
Mascot (Matrix Science) (Table S2-2). 
2.3.3 Bioinformatics analysis of differentially expressed proteins 
All the protein sequences were collected from UniProt Knowledgebase 
(http://www.uniprot.org/uniprot/). The functions of the differentially expressed proteins 
(DEPs) were categorized using the online tool ‘Mercator sequence annotation’ within the 
plaBi database with the BLAST_CUTOFF set at 50 
(http://www.plabipd.de/portal/web/guest/mercator-sequence-annotation). The PPI network 
was constructed by STRING (https://string-db.org/). The subcellular localization of each DEP 
was predicted by MultiLoc2 (Blum et al., 2009) and WoLF PSORT (Horton et al., 2007). The 
final results were collected by using PSI, which integrates the results of different programs 
(Liu et al., 2013). The top three hits for WoLF PSORT and MultiLoc2 were considered. The 
pheatmap package in R was used for the hierarchical clustering of DEPs. The SUMO sites 
and SIMs were analysed by JASSA (http://www.jassa.fr/) (Beauclair et al., 2015). Protein 3D 
structure was predicted using Phyre2 
(http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index) and then visualized via CLC 
genomics workbench 7.5.2. 
2.3.4 Enzyme activity measurement assay 
Crude enzyme extraction 
A total of 0.25 g of frozen leaves and 0.25 g developing grains were sliced and homogenized 
by a mortar and pestle with 1.2 ml extraction buffer containing 100 mM Tris-HCl, 10 mM 
MgCl2, 1 mM EDTA, 3 mM DTT, 0.1% Trinton-100 and 10 mM β-ME. The homogenates 
were centrifuged at 15,000 g for 20 mins at 4°C. The supernatant solution was then used as 
the crude enzyme preparation. 
Bradford soluble protein assay 
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The protein standard curve for the measurement at OD595 nm was made with seven ranges   
of BSA (Bovine Serum Albumin) standard mixed with 5 ml Bradford reagents. Meanwhile, 
0.1 ml crude enzyme was mixed with 5 ml Bradford reagents to calculate the protein content 
(ug g-1 fresh weight) with the protein standard curve. The calibration formula is ((c/a)×V)/W, 
where c is the protein content (mg); a is the measured volume of crude enzyme volume (ml); 
V is the volume of total extraction buffer volume (ml), and W is the fresh weight of the 
sample (g). In this study, a is 0.1 ml crude enzyme, V is 1.2 ml extraction buffer, and W is 
0.25g frozen leaves or developing grains. 
Glutamine synthetase activity measurement 
The 0.35 ml crude enzyme with 0.8 ml GS-reaction solution (100 mM Tris-base, 20 mM 
MgSO4.7H2O, 100 mM L-glutamate, 10 mM hydroxylamine, pH 7.2-8.0) was incubated at 
37°C for 5 mins. Afterwards, 0.35 ml 8 mM ATP was added to start the reaction, and the 
mixture was incubated at 37°C for 30 mins. Lastly, 0.35 ml stop solution (2% TFA, 3.5% 
FeCl3.6H2O and 2% HCl) was added to stop the reaction. In addition, the mixture was 
centrifuged for 5 mins at 5,000 g before the measurement at OD540 nm. The calculation 
formula of GS enzyme activity is A/(P×T×V), where A is the OD540 nm value; P is the crude 
enzyme protein content (mg ml-1); T is the reaction time (h) and V is the crude enzyme 
volume during the reaction (ml). 
2.3.5 Yeast two-hybrid experiments 
Yeast two-hybrid (Y2H) experiments were performed with the Matchmaker™ Gold Yeast 
Two-Hybrid System in accordance with manufacturer protocol (Clontech). Briefly, the 
SUMO1 and PPIase gene were respectively amplified from cultivar Spitfire using the 
corresponding primer pair (Table S2-5). The PCR product and plasmid pGBKT7 and 
pGADT7 (CLONTECH Co., United States) were treated with Nde1 and EcoRI enzymes 
(Neb, England), respectively, followed by ligation to construct the recombinant clones 
pGBKT7/SUMO1, pGBKT7/PPIase, pGADT7/SUMO1 and pGADT7/PPIase. 
pGBKT7/SUMO1, pGBKT7/PPIase, pGBKT7-53 and pGBKT7-Lam were transformed into 
the Y2HGold yeast cells (CLONTECH Co., United States), and the transformation products 
were cultivated in SD/-Trp media. pGADT7/SUMO1, pGADT7/PPIase and pGADT7-T were 
transformed into the Y187 yeast cells (CLONTECH Co., United States), and the 
transformation products were cultivated in SD/-Leu media. Afterwards, the grown clones of 
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pGBKT7-53 and pGBKT7-Lam were mating with pGADT7-T as the positive control and 
negative control, respectively, and the cultivated clones of pGBKT7/SUMO1 and 
pGBKT7/PPIase were mated with pGADT7/PPIase and pGADT7/SUMO1, respectively, and 
then the mating products were cultivated in the double drop-out medium DDO/-Leu/-Trp/X-
a-Gal with the use of α-galactosidase as the reporter gene and quadruple drop-out medium 
QDO/-Ade/-His/-Leu/-Trp. 
2.3.6 Statistical analysis 
All the data generated from the field trials and glasshouse experiments were analysed by 
SPSS (version 24). Univariate analysis of variance (UNIANOVA) was used to determine the 
significance of different factors on each agronomic trait and protein parameter. The 
significant statistical difference was judged at a P ≤ 0.05. The calculation of correlation 
coefficient (r) among peduncle traits, NUE-GY, and GY was conducted with the Pearson 
correlation formula in R. 
2.4 Results 
2.4.1 An investigation of agronomic traits and protein parameters in different nitrogen 
fertilization regimes 
Glasshouse experiments 
Nitrogen treatments had a significant impact on GY and NUE-GY at P ≤ 0.05, but the 
genotypic variations were not statistically significant (Table 2-1). With an incremental 
nitrogen application, the GY of Spitfire and Wyalkatchem was increased from 1.83 g to 2.65 
g and from 1.74 g to 3.53 g, respectively (Fig. 2-1A), and the corresponding NUE-GY of 
each variety was decreased from 0.68 g to 0.13 g and from 0.66 g to 0.18 g, respectively (Fig. 
2-1B). Similarly, the nitrogen treatments had a statistically significant effect on the UPP%, 
but the genetic variations were not statistically significant (Table 2-1). However, genotypic 
variations (G), nitrogen treatments (E) and G×E all had statistically significant impacts on 
Hi/Lo ratio (Table 2-1). The UPP% of Spitfire and Wyalkatchem increased with increments in 
nitrogen fertilizer from 36.82% to 45.05% and from 34.96% to 45.43%, respectively (Fig. 2-
1C). The Hi/Lo ratio of Spitfire increased consistently with nitrogen application from 0.51 to 
0.67. However, the Hi/Lo ratio of Wyalkatchem reached a maximum of 0.68 in N25 and then 
decreased to 0.63 and 0.67 in N100 and N200, respectively (Fig. 2-1D). This result indicates 
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that different genotypes showed distinctive responses to nitrogen availability in the 
biosynthesis of HMW-GS and LMW-GS, while the accumulation of UPP was mainly 




Figure 2-１ The impacts of nitrogen treatments on agronomic traits and protein parameters in two seasons of glasshouse experiments. A. Grain 
yield (g). B. NUE_grain yield (g grain generated by per g nitrogen applied). C. UPP content (UPP%). D. Ratio of HMW-GS to LMW-GS 
(Hi/Lo). Red bar, cv. Spitfire; blue bar, cv. Wyalkatchem. Error bars were calculated from six biological replicates in each year. UNIANOVA 
was used to test for significance at P ≤ 0.05. 
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Table 2-１ Significance level of the effects of genotypic variations (G), nitrogen treatments 





yield NUE-GY UPP% Hi/Lo    
G×E 0.057 0.645 0.735 0.000***    
Genotype 
(G) 0.114 0.652 0.720 0.000***    
Treatment 









yield NUE-GY NUE-PY UPP% Hi/Lo 
G×E 1.000 0.683 0.752 0.483 0.025* 0.053 0.012* 
Genotype 
(G) 0.003** 0.000*** 0.000*** 0.015* 0.000*** 0.040* 0.001** 
Treatment 


















G×E 0.004** 0.000*** 0.000*** 0.000*** 0.000*** 0.000*** 0.000*** 
Genotype 
(G) 
0.000*** 0.000*** 0.000*** 0.000*** 0.000*** 0.000*** 0.036* 
Treatment 
(E) 
0.000*** 0.000*** 0.000*** 0.000*** 0.000*** 0.000*** 0.000*** 
*, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, not significant 
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Genotype (G), nitrogen treatments (E) and G×E all had statistically significant impacts on six 
peduncle traits (Table 2-1). The r values of morphological traits with GY and NUE-GY was 
analysed by Pearson correlation (Table 2-2). The results demonstrated that some peduncle 
traits, namely, neck diameter, straw diameter, keycard diameter and straw weight, were highly 
positively correlated with GY, with r values of 0.67, 0.70, 0.69 and 0.81, respectively. The 
other peduncle traits, namely, head weight, peduncle length and the length between the neck 
node and keycard (neck to card) also had positive correlations with GY, with r values of 0.41, 
0.30 and 0.12, respectively. However, the peduncle length, neck to card and straw weight 
showed negative correlations with NUE-GY, with r values of -0.26, -0.50 and -0.08. The 
other parameters, namely, neck diameter, head weight, straw diameter and keycard diameter, 




Table 2-２ Correlation coefficients (r) among peduncle traits, grain yield (GY), and NUE-





















1.00 -0.25 0.67 0.41 0.30 0.70 0.69 0.12 0.81 
NUE-GY -0.25 1.00 0.25 0.24 -0.26 0.07 0.04 -0.50 -0.08 
Neck 
diameter 
0.67 0.25 1.00 0.85 0.45 0.92 0.92 0.08 0.72 
Head 
weight 
0.41 0.24 0.85 1.00 0.68 0.90 0.88 0.37 0.55 
Peduncle 
length 
0.30 -0.26 0.45 0.68 1.00 0.65 0.71 0.91 0.28 
Straw 
diameter 
0.70 0.07 0.92 0.90 0.65 1.00 0.98 0.34 0.80 
Keycard 
diameter 
0.69 0.04 0.92 0.88 0.71 0.98 1.00 0.40 0.76 
Neck to 
card 
0.12 -0.50 0.08 0.37 0.91 0.34 0.40 1.00 0.10 
Straw 
weight 




The impacts of nitrogen treatments and genotypic variations on GY, grain protein yield, 
NUE-GY and NUE-PY (P ≤ 0.05) were listed in Table 2-1. Usually, increasing the nitrogen 
fertilizer level increased the GY and protein yield. However, different genotypes showed 
distinctive increasing patterns with the incremental nitrogen fertilizer applications. In detail, 
among the six varieties, Spitfire had the lowest GY, with values ranging from 152 g m-2 to 
212 g m-2, whereas Mace had the highest GY, with values ranging from 199 g m-2 to 271 g m-
2. Westonia had the second highest GY values, followed by Wyalkatchem, Bonnie Rock and 
Livingston (Fig. 2-2A). Nevertheless, the GPC ranking of the six varieties demonstrated an 
inverse order. Spitfire had the highest values, which ranged from 12.4% to 12.7%, whereas 
Mace had the lowest values, which ranged from 9.13% to 11.7%. Westonia had the second 
lowest GPC values, followed by Bonnie Rock, Wyalkatchem and Livingston (Fig. 2-2B). 
Taken together, the grain protein yield was calibrated as GY multiplied by GPC. The grain 
protein yield and GY rankings of the six varieties were similar. Spitfire had the lowest grain 
protein yield, with values ranging from 0.010 kg m-2 to 0.014 kg m-2, while Mace had the 
highest grain protein yield, with values ranging from 0.015 kg m-2 to 0.030 kg m-2. The grain 
protein yield of Westonia was the second highest, followed by those of Bonnie Rock, 
Wyalkatchem and Livingston (Fig. 2-2C). This indicates that GY increased by approximately 
1.40 times with increases in nitrogen, which was slightly greater than the 1.28 times increase 
of GPC. On the other hand, although nitrogen fertilizer application resulted in higher GY and 
GPC, the different varieties reached their maximum grain protein yield under different 
nitrogen treatments (Table S2-1). These results illuminate that genotype plays a crucial role in 
NUE. Three years of field trials showed that both NUE-GY and NUE-PY were decreased 
with increments in nitrogen fertilizer (Fig. 2-2D & E). The NUE-GY and NUE-PY ranking of 
the six varieties, from highest to lowest, demonstrated the following order: Mace, Westonia, 
Livingston, Wyalkatchem, Bonnie Rock, and Spitfire. The statistically significant impact of 
G×E on NUE-PY shows that genetic diversity is a determinant factor in grain protein yield in 
response to nitrogen availability. 
The investigation of the protein compositions of the two varieties showed that the impact of 
genotypic variations and nitrogen treatments on UPP% and Hi/Lo were both statistically 
significant, and G×E had a statistically significant effect on Hi/Lo with a p-value of 0.012 
(Table 2-1). These results are similar with those of the glasshouse experiments. The UPP% 
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and Hi/Lo of the two varieties were both increased by increments in nitrogen fertilizer (Fig. 




Figure 2-２ The impacts of nitrogen fertilizer regimes on agronomic traits and protein 
parameters in three years of field trials. A. Grain yield (kg m-2). B. Grain protein content 
(protein%). C. Grain protein yield (kg m-2) D. NUE-GY (kg grain generated by per kg 
nitrogen applied) E. NUE-PY (kg protein generated by per kg nitrogen applied) F. UPP 
content (UPP%). G. HMW-GS to LMW-GS ratio (Hi/Lo). Error bars were calculated from 
three biological replicates in each year. The significant levels are shown in Table 2-1. 
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2.4.2 A comparison of protein biosynthesis between the high-nitrogen and no-nitrogen 
treatments 
Glutamine synthetase activity during grain filling 
The GS activity of both flag leaves at flowering time and developing grains was compared 
between high- and no-nitrogen treatment representing high and low nitrogen availability, 
respectively. The results showed that the GS activity of flag leaves was much higher in the 
high-nitrogen treatment than in the no-nitrogen treatment; as a result, more Gln accumulated 
in the flag leaves (source) for remobilization to the developing grains (sink) under the high-
nitrogen than under the no-nitrogen treatment (Fig. 2-3A). Although the GS activity of both 
treatments increased during grain development, it was much higher under low nitrogen than 
under high nitrogen (Fig. 2-3B). The GS activity patterns of the two treatments differed over 
grain development. Under the high-nitrogen treatment, GS activity gradually increased over 
the whole grain filling stage, while under the no-nitrogen treatment, the highest GS activity 
was observed 21 days postanthesis, followed by a decrease from 21 to 35 DPA (Fig. 2-3B). 
This result indicates that the GS activity of developing grains (sink) depended on the 
accumulation of Gln in the leaves (source) and the subsequent remobilization of Gln to the 
developing grains. Additionally, 21 DPA may represent a break point in nitrogen utilization 
during wheat grain filling. 
SDS-unextractable polymeric proteins accumulation during grain filling 
The accumulations of UPP in the high- and no-nitrogen treatments during grain filling were 
compared (Fig. 2-3C). From 7 to 21 DPA, there was nearly no UPP accumulation in either 
treatment, and the differences between treatments were negligible. However, a break point 
between the high- and no-nitrogen treatment was observed at 21 DPA. After 21 DPA, 
although the UPP% of both treatments increased, it increased more in the high-nitrogen 
treatment (from 1.96% to 60.3%) than in the low-nitrogen treatment (from 1.72% to 36.7%). 
This result illustrates that high nitrogen availability promotes protein aggregation after 21 




Figure 2-３ The dynamics of the glutamine synthetase activity of flag leaves at flowering and 
grain development, and UPP accumulation during grain filling. (a) Glutamine synthetase 
activity of Spitfire flag leaves at flowering time. (b) Glutamine synthetase activity of Spitfire 
developing grain. (c) UPP accumulation during grain filling. Blue bar, no nitrogen treatment; 
red bar, high nitrogen treatment. Error bars were calculated from three biological replicates. 
Protein-protein interaction network for protein biosynthesis during grain filling 
The Hi/Lo of Spitfire constantly increased with the gradual increments in nitrogen, but 
Wyalkatchem demonstrated no obvious trend. For this reason, Spitfire was selected for the 
subsequent comparative proteomics study to understand the nitrogen-regulated mechanism of 
UPP accumulation resulting from protein polymerization mainly involving HMW-GS and 
LMW-GS. In addition, most biological processes for grain growth and metabolites 
accumulation happen in the first few grain development stages, and the protein functions in 
biological processes are more active from 7 to 28 DPA than from 28 to 42 DPA. The 
comparative proteomics analysis was conducted with the developing Spitfire grains under 
high- and no- nitrogen treatments at 7, 14, 21 and 28 DPA. Afterwards, based on matched 
spots with a two-fold or greater difference in volume percentage, a total of 237 spots were 
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collected from 48 gels for mass spectrometry identification (Fig. 2-4). A Mascot search 
against the UniProt database with Viridiplantae taxonomic restriction identified 69 DEPs, 
which were precisely annotated (Table S2-2). 
 
Figure 2-４ Two-dimension gel electrophoresis images for comparative proteomics analysis 
A protein-protein interaction (PPI) network was analysed by STRING using a range of 
proximal cereal crops including Zea mays, Hordeum vulgare and Sorghum bicolor, as the 
reference organisms. The 69 DEPs mentioned above were matched with 60 items within the 
database according to their annotations. After eliminating all disconnected nodes in the 
network, 36 DEPs, which were connected to each other with a high confidence value of 0.700, 
remained. Finally, a PPI network with a total of 64 interaction groups was constructed (Table 
S2-3). The above 36 DEPs were enriched in 19 KEGG pathways (Fig. S2-1). Among them, 
eight and three DEPs were enriched in the biosynthesis of amino acids and protein processing 
in the endoplasmic reticulum (ER) pathways, respectively, while most DEPs were enriched in 
carbon metabolism pathways. Subsequently, an additional KEGG pathway enrichment 
analysis demonstrated that 16 of the 64 interaction groups constructed using 13 DEPs were 
associated with protein processing in the ER, the remaining 48 groups participated in carbon 
metabolism- related pathways (Fig. 2-5A). 
A potential mechanism for protein polymerization regulated by nitrogen availability 
As shown in Fig. 2-5A, among the 13 DEPs, peptidyl-prolyl cis-trans isomerase (PPIase) and 
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luminal-binding protein 2 precursor (BIP2) have been well documented in protein folding and 
misfolding processes during protein aggregation. Both were upregulated by the high-nitrogen 
fertilizer treatment from 21 DPA onward. Small ubiquitin-related modifier 1 (SUMO1) is 
similar to ubiquitin but is not used in the degradation of target proteins. SUMO1 has most 
frequently been used and is best recorded for its involvement in protein stability, nuclear-
cytosolic transport, and transcriptional regulation. In this study, SUMO1 was upregulated by 
high nitrogen availability at 21 DPA but downregulated by high nitrogen availability at 28 
DPA. The active site of 1-Cys peroxireduction PER1 and 2-Cys peroxiredoxin BAS1 is a 
cysteine sulfenic acid (-SOH) intermediate, which reacts with another cysteine residue to 
form a disulphide bond. 1-Cys peroxireduction PER1 is believed to play a role in the 
inhibition of germination during stress, and 2-Cys peroxiredoxin BAS1 is believed to 
participate in cellular protection against oxidative stress, by detoxifying peroxides (Haslekås 
et al., 2003; Wood et al., 2003). Both appear to be downregulated by high nitrogen at 21 
DPA but upregulated by high nitrogen at 28 DPA. In addition, many chaperones are 
upregulated in response to heat shock, which increases cellular protein misfolding; these 
chaperones are therefore classified as heat shock proteins (HSPs) (Wang et al., 2004). HSP70, 
HSP81-1, and HSP90-2 were downregulated in the high-nitrogen treatment at 21 DPA, with 
the exception of an upregulated HSP70 fragment. However, in the high-nitrogen treatment at 
28 DPA, the trend reversed, i.e., HSP70, HSP81-1, and HSP90-2 were upregulated, and the 
HSP70 fragment was downregulated. 
The subcellular localization of PPIase, SUMO1, 1-Cys peroxireduction PER1 and 2-Cys 
peroxiredoxin BAS1 was predicted to be cytoplasmic, while BIP2 was assigned to the ER 
(Melnick et al., 1994). Based on these findings, a potential mechanism of protein 
polymerization regulated by nitrogen availability during grain filling was proposed (Fig. 2-
5B). The activity of SUMO1, acting as a protein transporter from the nucleus to the 
cytoplasm while stabilizing proteins during the assembly of protein bodies, leads to a nuclear 
or cytoplasm location (Zhao, 2007). Both PPIase and BIP2 are the key chaperones for 
preventing protein misfolding and promoting the folding of polymeric proteins (Baneyx and 
Mujacic, 2004). In the current study, all three proteins were upregulated to different extents 
in the high-nitrogen treatment starting at 21 DPA, while SUMO1 was downregulated at 28 
DPA. In addition, 1-Cys peroxireduction, PER1 and 2-Cys peroxiredoxin BAS1, which are 
known to play crucial roles in dealing with oxidative stress during grain filling (Baier and 
Dietz, 1997; Haslekås et al., 2003), were downregulated at 21 DPA and upregulated at 28 
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Figure 2-5A Protein-protein interaction (PPI) network of 36 differentially expressed proteins (DEPs). Left dash rectangle, protein processing. 




 Figure 2-5B. Proposed nitrogen regulatory mechanism for grain protein polymerization in 
cytoplasm. The green diamond, cytoplasm; blue filling oval, nucleus and endoplasmic 
reticulum; yellow filling rectangle, DEP; grey filling rectangle, DEP annotation; orange 
filling circle chain, protein. 
Figure 2-５ A Protein-protein interaction (PPI) network of 36 DEPs. Left dashed rectangle, 
protein processing. Right dashed rectangle, carbon metabolism-related network. Grey line, 
PPI; blue line, PPI for protein processing; red line, major PPI for protein polymerization. B. 
Proposed nitrogen regulatory mechanism for grain protein polymerization in the cytoplasm. 
Green diamond, cytoplasm; blue-filled oval, nucleus and endoplasmic reticulum; yellow-
filled rectangle, DEP; gray-filled rectangle, DEP annotation; orange-filled circle chain, 
proteins. 
The identification of SUMOylation sites and SUMO-interaction motifs 
Using a high confidence value setting of 0.700, a reliable PPI network was achieved, which 
demonstrated that PPIase and SUMO1 can directly connect with each other. SUMOylation 
sites (SUMO sites) and SUMO-interaction motifs (SIMs) were identified in the peptide 
sequence of PPIase using JASSA (Table S2-4). Fourteen SUMO sites containing the 
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tetrapeptide consensus SIM Ψ-K-x-D/E were identified (Fig. 2-6A). However, they were not 
the typical SIM with a hydrophobic residue Ψ, a K for the conjugation of SUMO, and D/E as 
an acidic residue, and the predictive scores were low. Among the 14 SUMO sites, K94, with 
the sequence DEKF, was a consensus inverted SUMO site with a higher predictive score (Fig. 
2-6B). Additionally, the SIM type 4 motif QVVI was located between positions 162 and 165 





Figure 2-６ SUMOylation sites (SUMO sites) and SUMO-interaction motifs (SIMs) of the 
PPIase amino acid sequence. A. Gray K, lysine of SUMO site; blue bar, the consensus 
inverted SUMO site; the green line, SIM. B. 3D structure of PPIase, the SUMO sites. C. 3D 
structure of PPIase, the SIMs. 
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The interaction of SUMO1 and PPIase 
A Y2H assay was performed to validate the direct interaction of SUMO1 and PPIase. Both 
SUMO1 and PPIase were cloned from the cDNA of Spitfire, with lengths of 306 bp and 1680 
bp, respectively. The interaction between these proteins was examined by a Y2H system 
using both double drop-out medium with α-galactosidase as the reporter gene and quadruple 
drop-out medium. The results showed that the mating products of SUMO1 and PPIase can 
induce the expression of the reporter gene (Fig. 2-7B) and grow in the quadruple drop-out 
medium (Fig. 2-7E), in accordance with the positive control pGBKT7-T7 and pGADT7-T53 
(Fig. 2-7A & D), confirming the interaction between SUMO1 and PPIase. 
 
Figure 2-７ Yeast two-hybrid assay of the interaction between SUMO1 and PPIase. DDO/x-
gal: A. positive control (pGBKT7-53/pGADT7-T); B. negative control (pGBKT7-
lam/pGADT7-T); C. the interaction of SUMO1 and PPIase; QDO: D. positive control 
(pGBKT7-53/pGADT7-T); E. negative control (pGBKT7-lam/pGADT7-T); F. the 




In southwest Australia, more than four million hectares of arable land is sown with wheat 
crops each year. However, the sandy soil and undesirable rainfall distribution exert adverse 
impacts on wheat grain quality. The soil types in the wheat belt are dominated by sandy and 
duplex (sand over clay) soils with some clay soils in the eastern part of the Western Australia 
wheat belt region (Del Cima et al., 2004). Moreover, due to the Mediterranean-type climate 
featuring wet, cool winters and dry, hot summers, the rainfall amount strongly depends on the 
season, resulting in more than 75% of all rainfall occurring between May and October. Wheat 
is mostly grown in areas with less than 550 mm annual rain, and about half the farms in the 
wheat belt region receive, on average, less than 325 mm rain per year (Del Cima et al., 2004). 
Therefore, compared to other countries in which wheat production is a major agricultural 
output component, the hallmark of Australian wheat is a lower GY and lower GPC but a 
higher flour yield. This trend is partially due to the sandy soil and undesirable rainfall amount 
during the Australian winter growing season, which results in serious nitrogen leaching 
problems and a low NUE. The six varieties of wheat used in this study cover a wide range of 
Australian wheat varieties. Among them, Spitfire features a high GPC and is classified as 
APH wheat. The aim of this study was to investigate the physiological responses of diverse 
wheat varieties to high and low nitrogen availability and to use Spitfire to understand the 
nitrogen-regulated mechanism of protein accumulation and aggregation during grain filling.  
In the two seasons of glasshouse experiments, the nitrogen treatments had significant impacts 
on the GY, NUE-GY and protein composition. With an incremental nitrogen application, the 
GY and UPP% of Spitfire and Wyalkatchem both increased significantly, while a decrease in 
NUE-GY was observed. However, a significant impact from both genotype and G×E on 
Hi/Lo was observed, which indicates that there were genetic variations between Spitfire and 
Wyalkatchem for response to nitrogen availability. Additionally, an investigation of the 
correlation of morphological traits with GY and NUE-GY demonstrated that peduncle traits, 
including neck diameter, straw diameter, keycard diameter, and straw weight, were highly 
positively correlated with GY under various levels of nitrogen availability; the correlation 
coefficients were all above 0.50, and straw weight had an especially high value of 0.81. The 
peduncle is located at the first internode directly below the spike from the neck node to the 
first node (Fig. S2-2). The keycard is the part less than 1 cm below the neck node. Because 
the texture of straw is uneven, we used two different instruments to measure straw diameter 
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for accuracy and described the results as keycard diameter and straw diameter. For NUE-GY, 
the neck diameter appeared to be the most significant peduncle trait, with a positive 
correlation of 0.25; neck diameter was also highly related with GY with an r of 0.67. This 
suggests that neck diameter is important for improving GY and NUE-GY. In addition, three 
years of field trials were conducted on six Australian bread wheat varieties with five different 
nitrogen treatments. Both nitrogen treatments and genotypes had statistically significant 
impacts on all investigated traits, and the impact of G×E on NUE-PY and Hi/Lo was 
statistically significant. To achieve a desirable profit, the focus of the Australian wheat 
industry is to concurrently increase of GY and GPC; therefore, grain protein yield was 
developed as a reflection of the function of GY and GPC. With an incremental nitrogen 
application, GY and GPC demonstrated a similar increase, although GY was slightly more 
sensitive to the nitrogen treatments. Furthermore, the GY and grain protein yield rankings of 
the six varieties were similar, and their NUE-GY and NUE-PY rankings were identical, 
indicating that GY is more reliable than GPC for predicting the grain protein yield and NUE 
of wheat. The six varieties had different grain protein yield maxima under different nitrogen 
treatments (Table S2-1). Their grain protein yields generally showed a positive responsive to 
increased nitrogen availability across the five treatments, except for cv. Westonia, which 
reached its maximum grain protein yield under the N100 treatment. In addition, although cv. 
Bonnie Rock reached its maximum grain protein yield under N200, which was similar to the 
other four varieties, its maximal GY was obtained under the 50 kg ha-1 nitrogen treatment. 
This result indicates that the grain protein yield of Westonia and Bonnie Rock is driven more 
by GPC than GY. Taken together, in view of GPC and GY, genotype is a key factor in grain 
protein yield in response to nitrogen availability. Furthermore, Mace is characterized by high 
GY and is very responsive to nitrogen application, with the highest NUE-GY and NUE-PY in 
this study, whereas Spitfire features a high GPC but the lowest NUE-GY and NUE-PY. The 
physiological responses to nitrogen availability of the two varieties are entirely distinctive. 
Mace is prone to producing more grains by increasing tiller and spikelet numbers before 
anthesis, perhaps because the NUpE of Mace is higher than that of other varieties, whereas 
Spitfire emphasizes protein accumulation by improving protein biosynthesis pathways after 
anthesis, probably because the NUtE of Spitfire is higher than that of other varieties. In 
addition, the Hi/Lo values of the two varieties increased with the increments of nitrogen, and 
the G×E interaction had a significant impact on the protein compositions. 
To understand the impact of nitrogen availability on grain protein biosynthesis during grain 
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filling, the GS activity and UPP accumulation under the high- and no-nitrogen treatments 
were studied, followed by a comparative proteomics analysis to identify the crucial functional 
proteins in the response to nitrogen availability. During grain development, nitrogen is 
remobilized from the leaf (source) to grain (sink) as Gln for subsequent amino acid and 
protein biosynthesis, which is considered a source-to-sink model, and the source-to-sink ratio 
is crucial for nitrogen remobilization and enzymatic activity. The measurement of GS activity 
demonstrated that higher GS activity of flag leaves during flowering time in high-nitrogen 
treatment produced more Gln for remobilization, which resulted in higher Gln availability in 
high-nitrogen treatment at the beginning of grain filling, and consequently, the GS activity of 
developing grain was less active than no-nitrogen treatment during grain filling. Meanwhile, 
as grain develops, the GS activity in high-nitrogen treatment was increasing gradually, 
whereas a peak in no-nitrogen treatment was observed in 21 DPA, followed by a decrease 
from 21 to 35 DPA. This result indicated that more Gln in high-nitrogen treatment 
participated in the biological process than that in no-nitrogen treatment from 21 DPA. 
Meanwhile, a parting point between high- and no-nitrogen treatment was observed at 21 DPA 
for UPP accumulation. From that point on, the UPP content rose sharply under high-nitrogen 
conditions and moderately under no-nitrogen conditions. Taken together, we infer that high 
nitrogen availability prompts Gln participation in protein biosynthesis, favoring protein 
aggregation and that 21 DPA is a critical stage for protein aggregation and nitrogen 
utilization. Xue et al (2016) reported that late nitrogen fertilization improved the loaf volume 
of wheat flour by altering the grain protein composition, which is in line with our results. 
Moreover, our findings elucidate the mechanism underlying this conclusion. Therefore, 
additional nitrogen fertilization at 21 DPA is recommended to improve baking quality. 
Due to the drastic changes in GS activity and UPP accumulation after 21 DPA in the high-
nitrogen vs. no-nitrogen treatment, we focused on the expression patterns of DEPs at 21 DPA 
and their roles in protein aggregation to reveal the mechanism underlying these changes. 
Many proteins are known to have nucleus export and localization signals and to therefore 
shuttle constantly between the nucleus and the cytoplasm. This step is often regulated by 
post-translational modifications (Görlich and Kutay, 1999). SUMO1 has been reported to 
transport proteins from the nucleus to cytoplasm and contribute to protein stability. When 
DNA damage occurs, SUMO acts as a molecular glue to facilitate the assembly of large 
protein complexes in foci repair (Jalal et al., 2017). Additionally, SUMOylation is able to 
alter protein biochemical activities and interactions and seems to have an impact on nitrogen 
67 
 
assimilation via the regulation of nitrate reductase activity by stabilizing proteins (Park et al., 
2011). However, only a small fraction of a given protein is SUMOylated (Hay, 2005; Zhao, 
2007). In this study, we show that PPIase has the potential to be SUMOylated. PPIase acts as 
a protein-folding catalyst, accelerating the rate-limiting steps in the isomerization of peptidyl-
prolyl bonds from an abnormal cis to a trans conformation and the formation and reshuffling 
of disulphide bonds (Baneyx and Mujacic, 2004). The concurrent upregulation of SUMO1 
and PPIase at 21 DPA in the high-nitrogen treatment hints that high nitrogen favors PPIase 
SUMOylation via the interaction with SUMO1, which enables the transportation of PPIase 
into the cytoplasm to assist in the formation of protein polymers. Interestingly, PPIase 
remained upregulated throughout the entire high-nitrogen experiment, whereas SUMO1 was 
downregulated at 28 DPA. This suggests that PPIase was accumulated in the cytoplasm 
before 28 DPA with the assistance of SUMO1 and consequently facilitated protein folding 
and aggregation during grain maturity. From 28 DPA onward, with the grain reaching 
maturity and the enzymatic activity becoming weak, the high nitrogen availability was able to 
facilitate PPIase activity for the accumulation of protein polymers. 
BIP2 is a protein known for its role in preventing protein misfolding, facilitating protein 
folding and assembling protein bodies for subsequent transport from the ER to the cytoplasm 
(She et al., 2011; Zhu et al., 2014). We observed a slight upregulation of BIP2 at 21 DPA and 
28 DPA under high nitrogen availability. Additionally, both 1-Cys peroxireduction PER1 and 
2-Cys peroxiredoxin BAS1 were downregulated by high nitrogen availability at 21 DPA but 
upregulated by high nitrogen availability at 28 DPA. This finding suggests that high nitrogen 
availability did not induce oxidative stress at 21 DPA, thus exerting a positive impact on 
protein polymerization. Orsi et al (2001) reported that an adequate redox environment is 
advantageous for the formation of intra-molecular disulphide bonds, which leads to the 
assembly of native polymers. Moreover, the overall redox potential of the ER is different in 
each grain filling stage, thus exerting varying effects on the formation and dissociation of 
disulphide bonds and generating impacts on protein polymerization and retention (Rhazi et 
al., 2003). The late upregulation of 1-Cys peroxireduction PER1 and 2-Cys peroxiredoxin 
BAS1 might suggest a role of these proteins in the formation of disulphide bonds and the 
maintenance of a stable redox environment in the cell. In addition, HSPs usually act as 
chaperones to certain enzymes, facilitating or repressing their activities, although their exact 
roles remain to be fully understood. 
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In conclusion, a series of NUE related agronomic traits were investigated using six Australian 
bread wheat varieties with five levels of nitrogen fertilizer applications over three years. 
Taken together, our observations suggest that, although wheat GY and GPC have similar 
sensitivities to nitrogen availability, GY tends to be more reliable in predicting grain protein 
yield and NUE. Meanwhile, genotypic variation is an important determinant of grain protein 
yield. In the high-nitrogen treatment, a sharp increase in UPP was observed from 21 DPA 
onward. Accordingly, a comparative proteomics study was conducted on developing grains 
collected from the high-nitrogen and no-nitrogen treatments to unveil the mechanisms 
underlying the earlier results. The results from this experiment suggest that high nitrogen 
availability improves PPIase SUMOylation via the assistance of SUMO1, and this 
modification facilitates PPIase transportation from the nucleus to cytoplasm for protein 
aggregation during grain filling. This finding is a breakthrough toward understanding the 
functional mechanism of PPIase in protein aggregation and the associated effect of nitrogen 
availability as part of the nitrogen regulatory protein polymerization mechanism. In addition, 
BIP2 plays a similar role as PPIase during protein polymerization but is located in the ER. 
The major function of 1-Cys peroxireduction PER1 and 2-Cys peroxiredoxin BAS1 is dealing 
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Spitfire N200 12.73 212.26  13.59  10612.79 679.58 
Westonia N100 11.86 223.31 25.45  22330.86 2544.50 
Wyalkatchem N200 13.05 213.10 25.15  10655.23 1257.36 
Mace N200 11.73 271.23 29.54  13561.72 1477.16 
Bonnie Rock N200 13.10 205.29 24.86  10264.60 1243.01 
Livingston N200 12.64 197.45 21.23  9872.41 1061.31 
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Supplementary table 2-2 Annotation and sequence of the 69 differentially expressed proteins (DEPs) identified in this study. 
Annotation of the 69 DEPs identified in this study 
Entry Entry name Status 
Protein 
names 
Gene names Organism 
Lengt
h 
Gene ontology (GO) 





















































proton-transporting ATP synthase complex, catalytic core F(1) 
[GO:0045261]; ATP binding [GO:0005524]; proton-
transporting ATP synthase activity, rotational mechanism 
[GO:0046933]; ATP synthesis coupled proton transport 
[GO:0015986] 














UTP:glucose-1-phosphate uridylyltransferase activity 


















L-malate dehydrogenase activity [GO:0030060]; carbohydrate 
metabolic process [GO:0005975]; malate metabolic process
[GO:0006108]; tricarboxylic acid cycle [GO:0006099] 
carbohydrate metabolic 
process [GO:0005975]; 
malate metabolic process 
[GO:0006108]; 





























fructose-bisphosphate aldolase activity [GO:0004332]; 












































fructose-bisphosphate aldolase activity [GO:0004332]; 

































NAD binding [GO:0051287]; phosphoglycerate 
















intramolecular transferase activity, phosphotransferases 
[GO:0016868]; magnesium ion binding [GO:0000287]; 

































cytoplasm [GO:0005737]; 6-phosphofructokinase activity [GO:0003872]; ATP binding 
[GO:0005524]; diphosphate-fructose-6-phosphate 1-phosphotransferase activity 


























































cytoplasm [GO:0005737]; ATP binding [GO:0005524]; 



































cytoplasm [GO:0005737]; manganese ion binding 
[GO:0030145]; phosphoglycerate mutase activity 
[GO:0004619]; glucose catabolic process [GO:0006007] 













L-malate dehydrogenase activity [GO:0030060]; carbohydrate 








(Wheat) [GO:0006108]; tricarboxylic acid cycle [GO:0006099] malate metabolic process 
[GO:0006108]; 




















peptidyl-prolyl cis-trans isomerase activity [GO:0003755]; 



















cytoplasm [GO:0005737]; transferase activity, transferring 
acyl groups other than amino-acyl groups [GO:0016747]; 
cutin biosynthetic process [GO:0010143]; localization 
[GO:0051179]; trichome morphogenesis [GO:0010090] 












































cell [GO:0005623]; peroxiredoxin activity [GO:0051920]; cell 
redox homeostasis [GO:0045454] 












































ATP binding [GO:0005524]; unfolded protein binding 
[GO:0051082]; protein folding [GO:0006457]; response to 
stress [GO:0006950] 
protein folding 































transferase activity, transferring acyl groups other than amino-















phosphopyruvate hydratase complex [GO:0000015]; 
magnesium ion binding [GO:0000287]; phosphopyruvate 





















ATP binding [GO:0005524]; phosphoglycerate kinase activity 



















































cytoplasm [GO:0005737]; membrane [GO:0016020]; ATP 
binding [GO:0005524]; peptidase activity [GO:0008233]; 
protein catabolic process [GO:0030163] 






















amylopectin maltohydrolase activity [GO:0102229]; beta-
























6-phosphogluconolactonase activity [GO:0017057]; 
carbohydrate metabolic process [GO:0005975]; pentose-

























transferase activity, transferring acyl groups other than amino-






















mitochondrion [GO:0005739]; glycine dehydrogenase 
(decarboxylating) activity [GO:0004375]; glycine catabolic 
process [GO:0006546] 




















cytoplasm [GO:0005737]; betaine-aldehyde dehydrogenase 
activity [GO:0008802]; cellular response to anoxia 
[GO:0071454] 










































ATP binding [GO:0005524]; hydrolase activity 







































chloroplast [GO:0009507]; magnesium ion binding 
[GO:0000287]; monooxygenase activity [GO:0004497]; 
ribulose-bisphosphate carboxylase activity [GO:0016984]; 



























chloroplast thylakoid membrane [GO:0009535]; proton-
transporting ATP synthase complex, catalytic core F(1) 
[GO:0045261]; ATP binding [GO:0005524]; proton-
transporting ATP synthase activity, rotational mechanism 
[GO:0046933]; ATP synthesis coupled proton transport 
[GO:0015986] 
ATP synthesis coupled 
proton transport 
[GO:0015986] 
P52894 ALA2_HORVU reviewed 
Alanine aminotransferase 2 (ALAAT-2) 
(EC 2.6.1.2) (Glutamate pyruvate 
transaminase 2) (GPT) (Glutamic--alanine 





L-alanine:2-oxoglutarate aminotransferase activity 
[GO:0004021]; pyridoxal phosphate binding [GO:0030170]; 





























chloroplast [GO:0009507]; peroxidase activity [GO:0004601]; 
peroxiredoxin activity [GO:0051920]; cell redox homeostasis 
[GO:0045454] 
cell redox homeostasis 
[GO:0045454] 











cytoplasm [GO:0005737]; GTP binding [GO:0005525]; GTPase activity [GO:0003924]; 







































































ribosome [GO:0005840]; structural constituent of ribosome 












































































UTP:glucose-1-phosphate uridylyltransferase activity 









































































sucrose synthase activity [GO:0016157]; sucrose metabolic 
process [GO:0005985] 



















Succinate dehydrogenase [ubiquinone] 






mitochondrial inner membrane [GO:0005743]; flavin adenine 
dinucleotide binding [GO:0050660]; succinate dehydrogenase 
(ubiquinone) activity [GO:0008177]; electron transport chain 
[GO:0022900]; tricarboxylic acid cycle [GO:0006099] 
electron transport chain 
[GO:0022900]; 


















4-hydroxyphenylpyruvate dioxygenase activity 
[GO:0003868]; identical protein binding [GO:0042802]; metal 
ion binding [GO:0046872]; aromatic amino acid family 
metabolic process [GO:0009072] 
aromatic amino acid 













ATP binding [GO:0005524]; phosphoglycerate kinase activity 


















314 calcium ion binding [GO:0005509]; calcium-dependent phospholipid binding [GO:0005544] 
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Sequence of the 69 DEGs identified in this study 
ID Annotation Protein sequence 
tr|A0A068US01| 
A0A068US01_COFCA Small ubiquitin-related modifier 





A0A077RY90_WHEAT Uncharacterized protein 








A0A078I5P1_BRANA ATP synthase subunit beta 








A0A0D9VBD5_9ORYZ Uncharacterized protein 








A0A0E0HIT9_ORYNI Malate dehydrogenase OS=Oryza 







A0A0F6QT98_WHEAT Aldehyde dehydrogenase 7B1 











A0A0F7IN65_WHEAT Fructose-bisphosphate aldolase 






A0A0S2GJT4_WHEAT Low-molecular-weight glutenin 







A0A103Y5H0_CYNCS Fructose-bisphosphate aldolase 








A0A1D5SU51_WHEAT Uncharacterized protein 























A0A1D5XSR5_WHEAT Uncharacterized protein 













A0A1D5YGF5_WHEAT Uncharacterized protein 












phosphate 1-phosphotransferase subunit alpha OS=Triticum 










A0A1D6A036_WHEAT Uncharacterized protein 






A0A1D6A149_WHEAT Uncharacterized protein 





A0A1D6CGC2_WHEAT Uncharacterized protein 











A0A1D6RFY9_WHEAT Uncharacterized protein 











independent phosphoglycerate mutase OS=Cucumis melo 










A3KLL4_WHEAT Malate dehydrogenase OS=Triticum 







A7LM55_WHEAT Peptidyl-prolyl cis-trans isomerase 





ALA2_HORVU Alanine aminotransferase 2 OS=Hordeum 









ATPB_WHEAT ATP synthase subunit beta. chloroplastic 









B4F922_MAIZE Acyltransferase OS=Zea mays 








B7U6L4_WHEAT Globulin 3 OS=Triticum aestivum 












BAS1_WHEAT 2-Cys peroxiredoxin BAS1. chloroplastic 





C9EF64_WHEAT Dehydroascorbate reductase OS=Triticum 











D3KVP5_WHEAT 27k protein (Fragment) OS=Triticum 





EF1A_WHEAT Elongation factor 1-alpha OS=Triticum 








F4Y592_WHEAT Heat shock protein 90 OS=Triticum 











FKB70_WHEAT 70 kDa peptidyl-prolyl isomerase 












L0GED8_WHEAT 14-3-3 protein OS=Triticum aestivum 






M0UXX0_HORVV Uncharacterized protein OS=Hordeum 
















M7YG23_TRIUA Phosphoglycerate kinase OS=Triticum 








M7Z872_TRIUA Elongation factor 2 OS=Triticum urartu 













M7ZJV3_TRIUA Heat shock cognate 70 kDa protein 1 













M8AHS8_TRIUA 26S protease regulatory subunit 7 








M8AQX5_AEGTA Beta-amylase OS=Aegilops tauschii 









M8B7Y1_AEGTA Putative 6-phosphogluconolactonase 4. 







M8BG77_AEGTA Putative acetyl-CoA acetyltransferase. 









M8BZW7_AEGTA Glycine cleavage system P protein 


















M8C5I2_AEGTA Betaine aldehyde dehydrogenase 1. 










M8C904_AEGTA Glucose and ribitol dehydrogenase-like 






M8CGS3_AEGTA Cell division control 48-E-like protein 


















M8CVF3_AEGTA Proliferation-associated protein 2G4 





















PREDICTED: presequence protease 1. 
















PREDICTED: probable mediator of RNA polymerase II 













Q6V959_WHEAT Ribosomal protein L3 OS=Triticum 







Q84UH6_WHEAT Dehydroascorbate reductase 





Q8LGQ9_WHEAT Betaine-aldehyde dehydrogenase 











Q8RW04_WHEAT Glutathione transferase OS=Triticum 





Q9M4X0_ORYSI UDP-glucose pyrophosphorylase 








Q9SAU8_WHEAT HSP70 OS=Triticum aestivum 











R7W2G4_AEGTA Formate--tetrahydrofolate ligase 











R9W924_WHEAT ER molecular chaperone OS=Triticum 











RBL_WHEAT Ribulose bisphosphate carboxylase large 











SPZ1A_WHEAT Serpin-Z1A OS=Triticum aestivum 








TCTP_WHEAT Translationally-controlled tumor protein 





































W5EFT2_WHEAT Uncharacterized protein OS=Triticum 







W5F8S6_WHEAT Succinate dehydrogenase [ubiquinone] 











W5GDZ8_WHEAT 4-hydroxyphenylpyruvate dioxygenase 








W5H4V7_WHEAT Phosphoglycerate kinase OS=Triticum 






























































0.448 0 0.302 0 0.958 0.84 0.337 0.545 0.999 
















0.448 0 0 0 0.984 0.238 0.345 0.371 0.996 





0 0 0 0 0.984 0.089 0.347 0.377 0.993 






0.448 0 0 0 0.364 0 0.931 0.371 0.982 






0.448 0 0 0 0.191 0 0.931 0.371 0.978 
















0 0 0 0 0.189 0 0.943 0.515 0.975 






0 0 0 0 0.963 0 0 0 0.963 






0.448 0 0 0 0.163 0.121 0.8 0.591 0.96 















0.448 0 0 0 0.745 0.221 0.188 0.517 0.949 






0.073 0 0 0 0 0 0.931 0.167 0.942 
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0.073 0 0 0 0 0 0.931 0.167 0.942 


























0.051 0 0 0 0 0 0.9 0.191 0.916 






0 0 0 0 0.18 0.096 0.8 0.495 0.915 

























0 0 0 0 0.148 0 0.863 0.079 0.883 






0 0 0 0 0.424 0.12 0 0.787 0.882 




































0 0 0 0 0.174 0.686 0 0.543 0.871 
















0 0 0 0.64
9 
0.176 0 0.8 0.491 0.856 






0 0 0 0 0.192 0.043 0.8 0.069 0.836 
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0 0 0 0 0.097 0.196 0.529 0.525 0.815 
















0 0 0 0 0.417 0 0.347 0.53 0.805 






0 0 0.527 0.97
7 
0 0 0.8 0.467 0.804 






0.092 0 0 0 0.181 0 0.544 0.491 0.804 






0 0 0 0 0.174 0.579 0 0.456 0.794 










































0.063 0 0 0 0.453 0 0 0.62 0.788 






0.448 0 0 0 0.163 0.121 0 0.525 0.781 





0 0 0 0 0.557 0.091 0 0.478 0.771 






0 0 0.502 0.75
5 










0 0 0 0 0.189 0 0.456 0.515 0.767 
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0 0 0 0 0.067 0.089 0.467 0.545 0.766 





























0.057 0 0 0 0.587 0.116 0 0.39 0.761 






0.071 0 0 0 0.091 0 0.538 0.454 0.758 




























































































0 0 0 0 0 0.108 0.525 0.419 0.732 



















0 0 0.235 0.82
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0.448 0 0 0 0.185 0.105 0 0.371 0.712 
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Consensus direct Consensus Inverted 
K Type PSd Type PSi 
K5 MANPKVFFDMTVGGA 0.137 None 0.068 None 0.137 
K26 PAGRIVMELYKDAVPRTVENF 0.03 None 0.016 None 0.03 
K44 ENFRALCTGEKGVGKSGKPLH 0.034 None 0.034 None 0.034 
K48 ALCTGEKGVGKSGKPLHYKGS 0.042 None 0.034 None 0.042 
K51 TGEKGVGKSGKPLHYKGSAFH 0.092 None 0.03 None 0.092 
K56 VGKSGKPLHYKGSAFHRVIPD 0.012 None 0.012 None 0.002 
K89 GTGGESIYGEKFADEKFVHKH 0.104 None 0.069 None 0.104 
K94 SIYGEKFADEKFVHKHTKPGI 0.249 None 0.034 Consensus inv 0.249 
K98 EKFADEKFVHKHTKPGILSMA 0.003 None 0.002 None 0.003 
K101 ADEKFVHKHTKPGILSMANAG 0.049 None 0.049 None 0.005 
K132 CTVPCNWLDGKHVVFGEVVEG 0.02 None 0.02 None 0.013 
K147 GEVVEGMDVVKNIEKVGSRSG 0.299 None 0.299 None 0.027 
K151 EGMDVVKNIEKVGSRSGTTAK 0.299 None 0.057 None 0.299 













Supplementary table 2-5 PCR primers for PPIase and SUMO1 









Chapter 3 Impact of mid-season sulphur deficiency on wheat 
nitrogen metabolism and biosynthesis of grain protein 
3.1 Abstract 
Wheat (Triticum aestivum) quality is mainly determined by grain storage protein 
compositions. Sulphur availability is essential for wheat storage protein biosynthesis. In this 
study, the impact of different sulphur fertilizer regimes on a range of agronomically important 
traits and associated gene networks was studied. High-performance liquid chromatography 
was used to analyse grain protein compositions in different sulphur treatments. Results 
revealed that sulphur supplementation had a significant effect on grain yield, harvest index, 
and storage protein compositions. Consequently, two comparative sulphur fertilizer 
treatments (0 and 30 kg ha-1 sulphur, with 50 kg ha-1 nitrogen) at seven days post-anthesis 
were selected for comparative transcriptomics analysis to screen for differentially expressed 
genes (DEGs) involved in the regulation of sulphur metabolic pathways. The International 
Wheat Genome Sequencing Consortium chromosome survey sequence data was used as 
reference. Higher sulphur supply led to one upregulated DEG and sixty-three downregulated 
DEGs. Gene ontology enrichment showed that four downregulated DEGs were significantly 
enriched in nitrogen metabolic pathway related annotation, three of which were annotated as 
glutamine synthetase (GS). The Kyoto Encyclopedia of Genes and Genomes pathway 
enrichment also identified the same three DEGs annotated as GS were enriched in the 
pathways involved in nitrogen and amino acid metabolism. Thereupon, GS is a bridge of 
nitrogen and sulphur metabolism. Moreover, sulphur starvation results in an enhanced GS 
activity, followed by an accumulation of asparagine (Asn) due to the blockage of protein 
biosynthesis, thus promoting the formation of acrylamide through the reaction of free Asn 
and reduced sugars during breadmaking process, which could potentially increase the risk of 
cancer development in humans. In conclusion, sulphur application has significant impacts on 
a range of agronomically important traits. Meanwhile, GS is a connection of sulphur and 
nitrogen metabolisms. An increasing amount of free Asn occurred at low sulphur treatment. 
Keywords: Differentially expressed genes, fertilizer management, glutamine synthetase, 




Wheat (Triticum aestivum) grain quality is mainly determined by grain storage protein 
composition. Increasing grain protein content (GPC) and optimization of protein composition 
are two common approaches in targeting wheat quality improvement. Both sulphur and 
nitrogen are essential macronutrients and building blocks of protein biosynthesis. Many 
reports attest to the capability of nitrogen fertilizer to increase GPC while sulphur fertilizer 
affects protein composition (Zhao et al., 1999a; Luo et al., 2000; Zhang et al., 2008). As we 
have learned in recent decades, the availability of sulphate in the soil is becoming a limiting 
factor for plant growth. Plants assimilate sulphur using sulphate transporters capable of 
taking up inorganic sulphur from the soil and translocating it to other organs to be 
incorporated into multiple organic compounds. This is achieved through a concerted 
regulation of sulphur metabolic pathways during the plant’s whole life cycle (Hawkesford, 
2003; Buchner et al., 2010). Without an adequate supply of sulphur, wheat is not able to 
reach its full yield potential and make efficient use of nitrogen for protein biosynthesis. 
Improvement of nitrogen use efficiency (NUE) has been a major aim of recent agricultural 
research, since nitrogen fertilizer has become the largest input cost and its price continues to 
increase, driven by demand and production costs. On the other hand, nitrogen runoff from 
agricultural lands threatens the environment, affecting the quality of air, water and soil. 
Because of the interaction between environmental effects and genetic factors, the 
enhancement of NUE is complex (Kant et al., 2010). The average ratio of nitrogen and 
sulphur in proteins is twelve to one and plants usually accumulate more than 80% of reduced 
nitrogen and sulphur compounds for protein biosynthesis at a rather constant ratio. Therefore, 
the accumulation of glutamine (Gln), asparagine (Asn) and arginine (Arg) during sulphur 
starvation may reflect the removal of surplus nitrogen. A reduction nitrate reductase (NR) 
activity during sulphur starvation seems to be a consequence of transcriptional down-
regulation (Randall et al., 1981; Migge et al., 2000). 
Nitrogen assimilation begins with nitrate uptake by the roots and transport to the shoots by 
nitrate transporters. During this process, NR reduces nitrate to nitrite in the cytoplasm, and 
subsequently nitrite is reduced to ammonium by nitrite reductase (NiR) in the plastids. In 
addition, a certain amount of ammonium is directly transported by ammonium transporters. 
Ammonium is further assimilated into Gln and glutamate (Glu) by glutamine synthetase (GS) 
and glutamate dehydrogenase (GDH) through the GS/GOGAT cycle (Lam et al., 1996; Foyer 
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et al., 2003; Xu et al., 2012). Gln can be converted into Asn and Glu by asparagine synthetase 
(AS) and glutamate synthase (NADH-GOGAT). Besides GS, AS is another critical enzyme in 
the primary nitrogen metabolic pathway (Lam et al., 1994; Gaufichon et al., 2010). 
Overexpression of NADH-GOGAT results in a maximum increase in grain weight by as 
much as 80%. Unlike ferredoxin (Fd)-GOGAT, involved in photorespiration, NADH-GOGAT 
gene is active in developing organs such as unexpanded non-green leaves and developing 
grains, and involved in nitrogen remobilization from both primary and secondary sources. 
Thereupon, Gln, Glu and Asn can enter the biosynthetic pathways of other amino acids as 
substrates for various aminotransferases, depending on the plant’s developmental needs 
(Anderson et al., 1989; Yamaya et al., 1992). GS is the key enzyme for nitrogen metabolism, 
catalysing the assimilation of all inorganic nitrogen for its incorporation into organic 
compounds such as proteins and nucleic acids. This reaction is coupled with the formation of 
Glu by GOGAT as part of the GS/GOGAT cycle (Reggiani et al., 2000). GS exists in multiple 
enzyme forms, with the chloroplastic isozyme encoded by one gene and the cytosolic form 
encoded by three to five genes, depending on the plant species. The different isoforms are 
regulated during plant growth and assume different roles in the Gln metabolic pathway. In 
wheat, the three major GS genes are located on different chromosomes and play different 
roles during plant development. GSr is located on chromosome 4A and has ability to regulate 
nitrogen remobilization and total GS activity in wheat. The expression of the GSr gene 
increases during the later stages of leaf development, being one of the key genes involved in 
nitrogen remobilization in senescent leaves. The GS1 gene is located on chromosome 6A and 
its cytosol-located product has multiple metabolic functions such as assimilation of ammonia 
into Gln for transportation and distribution throughout the plant. The GS2 gene is located on 
chromosome 5D and its product plays a vital role during the vegetative stage. GS2 is the 
predominant isozyme in leaf mesophyll cells and assimilates ammonia originating from 
nitrate reduction and photorespiration (Temple et al., 1998; Miflin and Habash, 2002; 
Masclaux-Daubresse et al., 2006). 
Previous study reported that sulphur metabolic processes start with sulphate uptake by the 
corresponding transporter (Hesse et al., 2004). Subsequently, sulphate is activated by 
covalent binding to adenosine-5'-triphosphate (ATP) via an ATP-sulphurylase-catalysed 
(ATPS) reaction to form adenosine 5’-phosphosulfate (APS). APS is reduced to sulphite by 
APS reductase (APR) and then sulphite is reduced to sulphide by sulphate reductase (SiR). 
The sulphide is then transferred to activated serine by O-acetylserine (thiol) lyase (OASTL) 
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to form cysteine (Scheerer et al., 2009). It is important to note that serine acetyltransferase 
(SAT) is the rate-limiting enzyme in cysteine biosynthesis (Kawashima et al., 2005). Serine is 
converted into O-acetylserine (OAS) by the catalytic activity of SAT while bound to OASTL 
in a multi-enzyme mixture known as OASTL-SAT mixture. OASTL, on the other hand, only 
becomes active in cysteine biosynthesis once released from the complex (Sirko et al., 2004; 
Liszewska et al., 2007). 
Cysteine (Cys) is the end product of sulphur metabolism and mainly responsible for the 
formation of disulphide bonds, which play a major role in protein aggregation, thus providing 
the main mechanism behind viscoelasticity of the dough matrix (Visschers and de Jongh, 
2005; Wieser 2007). Different storage protein subunits contain different numbers of cysteine 
residues, capable of forming inter- or intra-molecular disulphide bonds (Shewry et al., 1997; 
2002). Apart from this, Cys is a precursor of several essential sulphur-containing compounds, 
such as methionine (Met) and compounds involved in resistance to environment stresses, 
such as glutathione (GSH), S-adenosylmethionine (SAM), S-methylmethionine (SMM), and 
glucosinolates (Lewandowska and Sirko, 2008). 
Glutathione is the main transport and storage form of reduced sulphur in plants. It has the 
ability to regulate plant growth by modulating processes such as mitosis, cell elongation, 
resistance to environmental stresses, maintaining the redox homeostasis and detoxification 
(May et al., 1998). Previous studies have reported that GSH was particularly important in 
tolerance and adaptation to certain abiotic stresses. Changes in the GSH pool provide an 
indication of the redox state of the cell, which might influence the expression of important 
genes involved in responses to environmental stresses. Specifically, increases of the GSH 
pool have been observed in response to biotic and abiotic stresses, including pathogen attack 
and heavy metals stress. However, plants with a diminished GSH pool were more sensitive to 
a range of environmental stresses, such as heavy metal and oxidative stresses (Bennett and 
Wallsgrove, 1994; Noctor et al., 1998; Rausch et al., 2007). In contrast to GSH, 
glucosinolates have been reported to be specifically involved in resistance to biotic stresses, 
such as in pathogen defence mechanisms in which also the largest transcription factor family, 
the MYB superfamily, is involved. Specifically, MYB28, MYB29 and MYB76 are capable of 
regulating aliphatic glucosinolates, which are derived from Met. However, MYB51, MYB34 
and MYB122 have the ability to control indolic glucosinolates, which are synthesized from 
tryptophan. The MYB transcription factor themselves are regulated by jasmonate (Sasaki-
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Sekimoto et al., 2005; Yan and Chen, 2007; Ambawat et al., 2013). SAM is a source of 
reactive 5’-deoxyadenosyl radicals used by numerous enzymes, and the aminoisopropyl 
group for the synthesis of polyamines and biotin. SAM is also a donor of methyl groups 
involved in the biosynthesis of amino acids, nucleic acids, and a precursor of ethylene, 
nicotianamine, and phytosiderophores. SMM in cereals has been reported to be probably used 
in long-distance transport of reduced sulphur (Hesse et al., 2004; Sauter et al., 2013). 
A sufficient supply of sulphur is a key factor due to the complex interactions of sulphur and 
nitrogen in protein biosynthesis and the vital roles of sulphur metabolites in wheat plant 
growth and grain development. Therefore, to understand the effects of sulphur starvation on 
nitrogen metabolic pathways and protein biosynthesis as well as the consequences on relevant 
agronomic traits and protein quality, we conducted a transcriptomics analysis by comparing 
plant responses to high and low sulphur treatment. Several transcripts responsive to the 
treatments were identified and their functions in nitrogen metabolic pathways were elucidated 
using gene ontology (GO) annotation and Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway enrichment analysis. 
3.3 Material and Methods 
3.3.1 Plant material, growth conditions and sample collection 
Plants of hexaploid wheat cultivar Spitfire were transplanted after germination into 24.4 L 
cubic pots filled with low sulphur containing soil delivered from Katanning agricultural 
research station of Department of Agriculture and Food, Western Australia (DAFWA). The 
experimental treatments consisted of four ranges of sulphur supplement, which were 0, 10, 30 
and 50 kg ha-1, respectively expressed as S0, S10, S30 and S50. There were six biological 
replicates for each combination. Gypsum (18% S) was used as the source of sulphate. Urea 
(46% N), triple superphosphate (20.5% P) and muriate of potash (50% K) was respectively 
used as the source of nitrate (N), phosphorus (P) and potassium (K) at 50, 60 and 100 kg ha-1. 
Fertilizer were mixed with soil before transplanting the plants into pots and the amount of 
gypsum for each combination was calculated according to the treatment design. The pots 
were placed in a glasshouse with the growth condition of 20°C/11°C (day/night) and 16/8 hrs 
(light/dark), and were arranged in a randomized complete block design. Soil moisture was 




Heading date and flowering time were recorded. Two or three grains from main stem were 
collected at 7-day intervals, with sample collection starting at 7 days post-anthesis (DPA) 
until 42 DPA, and immediately frozen in liquid nitrogen and then stored at -80°C for RNA 
extraction. Lastly, mature grain was harvested and weighed to determine grain yield (GY) 
and plant biomass. Harvest index (HI) was calculated as the ratio of GY to biomass and NUE 
was computed as the amount of GY generated by per kilogram of nitrogen applied. GPC for 
each sample was measured using near-infrared spectroscopy (NIR) according to the 
Commonwealth Scientific and Industrial Research Organisation (CSIRO) methodology 
(Wesley et al., 2001) and protein yield was calculated as GPC (protein percentage, protein%) 
multiplied by GY (kg). 
3.3.2 Protein extraction 
Sequential extraction of SDS-extractable polymeric protein and SDS-unextractable polymeric 
protein  
The extraction of SDS-extractable polymeric protein (EPP) and SDS-unextractable polymeric 
protein (UPP) was performed according to Batey et al 1991. Generally, 100 mg of grain was 
ground into wholemeal flour using TissueLyser II from Qiagen. 1 ml of 0.05 M phosphate-
buffered saline pH 6.9 (PBS, HPLC grade) buffer with 0.05% sodium dodecyl sulphate (SDS) 
was added to the flour without sonication for the extraction of EPP. After removing the 
supernatant, another 1 ml of 0.05 M 0.05% SDS PBS extraction buffer pH 6.9 was added to 
the precipitate for the extraction of UPP. The pellet was suspended in the solution and 
sonicated for 1 min at a 300 W power setting (15 rounds of 2 secs pulse and 2 secs interval). 
Afterwards, the supernatant was collected as UPP. Finally, both EPP and UPP extract were 
filtered using a 0.45 µm filter. 
Sequential extraction of gliadins and glutenins 
Glutenins were extracted according to Yu et al (2013). Briefly, 100 mg grain was ground into 
wholemeal flour using TissueLyser II from Qiagen. This was followed by the addition of 70% 
ethanol to the flour for the extraction of gliadins, and then 55% isopropanol was added to the 
precipitate to remove the albumin and globulin fractions. Subsequently, 1 M Tris-HCl pH 8.0 
and 1% dithiothreitol (DTT) were used to disrupt disulphide bonds, followed by 1.4% 4-
vinylpyridine (4-VP) to prevent the formation of reductive disulphide bonds. Lastly, glutenins 
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were precipitated with 60% of cold acetone. After purifying the extract with 100% ethanol 
and acetone containing 0.07% β-mercaptoethanol (β-ME), the final extract was kept in a 
solution containing 0.05% trifluoroacetic acid (TFA) and 50% acetonitrile (ACN). 
3.3.3 Separation and quantification of EPP and UPP, gliadins and glutenin subunits 
Size-exclusion high performance liquid chromatograph 
The separation and quantification of EPP and UPP was performed by size-exclusion high 
performance liquid chromatograph (SE-HPLC) using an Agilent 1200 LC system (Agilent 
Technologies, http://www.agilent.com). 10 µl of the extracts were injected into a Bio SEC-5 
(4.6×300 mm, 500 Å, Agilent Technologies) column maintained at room temperature. The 
eluents were ultrapure water (solvent A) and ACN (solvent B), each containing 0.1% TFA 
(HPLC grade, Sigma Aldrich). The flow rate was 0.35 ml min-1. Protein was separated using 
a constant gradient with 50% of solvent A and 50% of solvent B in 15 mins and detected by 
UV absorbance at 214 nm. Each sample was injected twice for technical replication. After 36 
runs, the column was washed using 50% of ultra-pure water (solvent C) and 50% of methanol 
(Solvent D) at 0.2 ml min-1. Both ACN and methanol were HPLC grade (Fisher Scientific). 
Reverse-phase high performance liquid chromatograph 
The separation and quantification of gliadins classes and glutenin subunits were performed by 
reverse-phase high performance liquid chromatograph (RP-HPLC) using an Agilent 1200 LC 
system (Agilent Technologies, http://www.agilent.com). 10 µl of extracts were injected into a 
C18 reversed-phase Zorbax 300 StableBond column (4.6×250 mm, 5 µm, 300 Å, Agilent 
Technologies) maintained at 60°C. The eluents were ultrapure water (solvent A) and ACN 
(solvent B), each containing 0.06% TFA (HPLC grade, Sigma Aldrich). The flow rate was 0.6 
ml min-1. Protein was separated using a linear gradient from 21% to 47% of solvent B in 45 
mins and detected by UV absorbance at 214 nm. 15 mins post-run was set for column balance 
after each run. Each sample was injected twice for technical replication. After 18 runs, the 
column was washed using 50% of ultrapure water (solvent C) and 50% of methanol (Solvent 
D) at 0.5 ml min-1. Both ACN and methanol were HPLC grade (Fisher Scientific). 
Chromatograms were processed using ChemStation for LC 3D systems software (Revision 
B.03.02 [341], Agilent Technologies). Four HPLC peaks (P1, P2, P3 and P4) corresponding 
to each EPP and UPP component were identified as glutenins (P1), gliadins (P2+P3), and 
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albumins and globulins (P4) following the observations of Johansson et al (2001) and Sissons 
et al (2005). Calculation of the ratio of polymeric to monomeric (P/M), ratio of glutenins to 
gliadins (glu/gli), and the percentage of UPP (UPP%) was performed using the area-under-
the-peak method. Thus, P/M = (P1+P1 after sonication)/(P2+P3+P4+P2 after sonication+P3 
after sonication+P4 after sonication); glu/gli = (P1+P1 after sonication)/(P2+P2 after 
sonication); UPP% = P1 after sonication/(P1+P1 after sonication). 
Three sequential boundary areas corresponding to four classes of gliadins were regarded as 
ω-gliadins, α/β-gliadins, and γ-gliadins, and two obvious boundary areas in the glutenins 
chromatogram corresponded to high molecular weight glutenin subunit (HMW-GS) and low 
molecular weight glutenin subunit (LMW-GS) based on the hydrophobicity of each 
component (Lookhart and Bean, 1995). The amount of each gliadin class and glutenin 
subunit was calculated as the percentage of total gliadins and glutenins divided by the total 
area under the chromatogram trace. 
3.3.4 RNA isolation, library construction and sequencing 
Grain from three biological replicates was ground in liquid nitrogen and total RNA was 
extracted using pre-chilled Trizol reagent (Invitrogen, Carlsbad, CA), following the 
manufacturer’s directions with some modifications. Protein was removed using protein 
extraction buffer (1 M Tris-HCl, 5 M NaCl, 10% SDS, 0.125 M EDTA, and 1 M DTT). After 
protein extraction, the acid phenol/chloroform/isopropanol (49:49:2), Trizol and chloroform 
were sequentially added for total RNA extraction. Isopropanol was used for total RNA 
precipitation, and subsequently treated with the Qiagen DNase kit to remove potential 
genomic DNA contamination. Concentration and purity were detected by Nanodrop, with 
260/280 absorbance ratios of approximately 2.0, and the degradation and potential 
contamination were tested by agarose gel electrophoresis. RNA integrity was confirmed using 
an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA). 
The mRNA was enriched using oligo (dT) beads and then fragmented randomly in 
fragmentation buffer, followed by cDNA synthesis using random hexamers and reverse 
transcriptase. After first-strand synthesis, a custom second-strand synthesis buffer (Illumina), 
dNTPs, RNase H and Escherichia coli polymerase I were used to produce the second strand 
via nick-translation. The final cDNA library was ready for use after a round of purification, 
terminal repair, A-tailing, ligation of sequencing adapters, size selection and PCR enrichment. 
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Library concentration was first estimated using a Qubit 2.0 fluorometer (Life Technologies), 
and then diluted to 1 ng μl-1 before detecting insert size by an Agilent 2100 Bioanalyzer. The 
concentration was then quantified by quantitative PCR for more accuracy (library activity > 2 
nM). Each library with an individual barcode was sequenced by Illumina HiSeqTM 
PE125/PE150 (Illumina Inc., USA). 
3.3.5 Transcriptomic analysis 
Quality control 
After initial data quality control, the sequence datasets for six samples were pooled in six data 
files, consisting of 174,143,328 raw reads in total. Afterwards, raw reads were filtered to 
remove reads containing adaptor contamination; reads containing N more than 10%; and 
reads with more than 50% low-quality nucleotides (base quality less than 20). In total, 
6,614,912 reads were removed, and the analysis was performed on the remaining 
167,528,416 clean reads. The retained clean reads were pair-end mapped to the International 
Wheat Genome Sequencing Consortium (IWGSC) chromosome survey sequence of Chinese 
Spring using HISAT 0.1.5 beta (Hierarchical Indexing for Spliced Alignment of Transcripts, 
release 25 February 2015). The mismatch parameter was set as less than two nucleic acids, 
and other parameters were set as default. Total mapped reads (TMR) of more than 70% and 
multiple mapper reads (MMR) of less than 10% were used as standard for the verification of 
mapping quality. 
Differentially expressed genes analysis 
For the fragment per kilo base of transcript per million mapped reads (FPKM), a value of 1.0 
was set as the threshold for determining whether a gene was expressed or not. HiSeq v0.6.1 
(A Python package for high-throughput sequencing data analysis) was used to analyse gene 
expression level in this experiment, using the union mode. The correlation between samples 
was justified by the square of the Pearson correlation coefficient. The DESeq (version 1.10.1, 
R Bioconductor package) was used for differential expression analysis. The normalized data 
were fitted in a negative binomial generalized linear model. The threshold of the p-value after 
normalization (padj, qvalue) was set as ≤ 0.05 for filtering accurate differentially expressed 
genes (DEGs). The clustering of DEGs was analysed based on FPKM value using ggplot2 
(version 2.1.0) and pheatmap (version 1.0.8). 
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Gene ontology and Kyoto Encyclopedia of Genes and Genomes pathway enrichment analysis 
of differentially expressed genes 
GOseq (R Bioconductor package) based on Wallenius non-central hyper-geometric 
distribution was used for Gene ontology (GO, http://geneontology.org/) enrichment analysis 
(Young et al., 2010). GO with false discovery rate (FDR) corrected p-value ≤ 0.05 was 
regarded as significant enrichment. KOBAS (version 2.0, http://kobas.cbi.pku.edu.cn/), a web 
server for annotation and identification of enriched pathways and diseases, was applied for 
Kyoto Encyclopedia of Genes and Genomes (KEGG, http://www.genome.jp/kegg/) pathway 
enrichment analysis. The formula for the pathway enrichment analysis was 
 (N, the number of all genes with a KEGG annotation; n, the number 
of DEGs in N; M, the number of all genes annotated to specific pathways; m, number of 
DEGs in M). Pathways with FDR corrected p-value ≤ 0.05 were considered as significant 
enrichment. 
Real time PCR  
First strand cDNA was synthesized based on the manufacturer of Revert Aid First Strand 
cDNA Synthesis Kit (Thermo Fisher Scientific, USA). 5 μg DNase-treated RNA and random 
primers were used. The expression level of GS1 and GS2 in two treatments were quantified 
by real time PCR using the 2-ΔΔCT method and SYBR-green as the intercalated dye (Qiagen 
Rotor-Gene Q instrument). The primers for GS1 and GS2 were designed using Primer 
Premier 5.0 based on their respective specific coding regions (Table S3-3). The amplified 
efficiency of each primer pair was testified, and the melting curve of each primer pair 
demonstrated a single peak. ADP-ribosylation factor and Actin 3 were selected as reference 
genes, and the PCR was performed in a 20 μL reaction volume with 4 pM of each primer, 1 
μL of the first-strand cDNA and 1×SYBR Premix Ex Taqۛ Π (Takara, Kyoto, Japan). The 
amplification reactions were carried out with the initial denaturing temperature of 94°C for 
10 mins, followed by 40 cycles of 94°C for 10 secs, annealing temperatures of each primer 
15 secs and the extension at 72°C for 30 secs. The relative expression level of each gene was 
the means of three biological replications ± standard deviation (SD), and three technical 
replications were conducted for each gene. 
Promoter motif analysis 
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The gene IDs were converted into TGACv1 by means of ID History Converter in Ensembl 
Plants (http://plants.ensembl.org/Triticum_aestivum/Tools/AssemblyConverter) and promoter 
sequences were collected from Ensembl Plants Biomart 
(http://plants.ensembl.org/biomart/martview). An in-house developed cis-acting element 
database was used to map annotated promoter motifs. CLC genomics workbench 9.5.3 was 
used as the analysis tool for searching and alignment. 
3.3.6 Statistical analysis of agronomic traits and protein parameters data 
The data for agronomic traits and protein parameters were analysed by R. One-way analysis 
of variance (ANOVA) was used to determine the significance of sulphur treatments on 
agronomic traits and protein parameters. Statistical Significance were judged at P ≤ 0.05. 
3.4 Results 
3.4.1 Agronomic traits and protein parameters 
Both HI and NUE were larger for treatment S30 than for S0; HI went from 0.016 to 0.021 
and NUE from 16.86 kg to 19.63 kg, respectively. Conversely, both traits decreased when 
going from treatment S30 to S50; HI went from 0.021 to 0.019 (Fig. 3-1a) and NUE from 
19.63 kg to 18.72 kg (Fig. 3-1b). There was a sharp increase in protein content, from 18.33% 
to 20.55% (Fig. 3-1c), between treatment S0 and S50, while protein yield first went up from 
0.73 kg m-2 to 0.87 kg m-2 between treatments S0 and S30, followed by a decrease from 0.87 




Figure 3-１ Impacts of sulphur on agronomic traits and protein parameters. (a) Harvest index. 
(b) Nitrogen use efficiency (kg grain yield generated by per hectare nitrogen applied). (c) 
Grain protein content (protein percentage, protein%). (d) Protein yield (grain protein content 
multiplied by grain yield, kg). 
SDS-unextractable polymeric proteins content had a slight decrease with the amount of 
supplied sulphur from 0 to 30 kg ha-1, while a further increase in sulphur supply to 50 kg ha-1 
increased the UPP content again (Fig. 3-2a). Both P/M and glu/gli were increased from 0.45 
to 0.50 and 0.51 to 0.57 between treatments S0 and S30, but both decreased after raising the 
sulphur supply to 50 kg ha-1, moving from 0.50 to 0.47 and 0.57 to 0.53, respectively (Fig. 3-




Figure 3-２ Impacts of sulphur on polymer and monomer. (a) UPP content (UPP percentage, 
UPP%). (b) Polymeric to monomeric ratio (P/M). (c) Glutenins to gliadins ratio (glu/gli). 
The analysis of protein composition demonstrated that the ratio of HMW-GS to LMW-GS 
(Hi/Lo) was apparently decreased between treatments S0 and S50 from 0.88 to 0.77 (Fig. 3-
3a). However, an impact of sulphur on the modification of gliadins classes was not observed 
in the current study. With an increasing amount of sulphur from 0 to 50 kg ha-1, the 
percentage of ώ-gliadins increased from 14.50% to 17.19% (Fig. 3-3b), whereas γ-gliadins 
content decreased from 28.60% to 25.43% (Fig. 3-3d). The percentage of α/β-gliadins went 
from 56.90% to 58.87% between treatments S0 and S30, followed by a decrease to 57.37% 




Figure 3-３ The impacts of sulphur on protein compositions. (a) HMW-GS to LMW-GS ratio 
(Hi/Lo). (b) ώ-gliadins content (ώ-gliadins%). (c) α/β-gliadins content (α/β-gliadins%). (d) γ-
gliadins content (γ-gliadins%). 
3.4.2 Transcriptome analysis 
Differentially expressed genes and clustering of them 
After aligning 167,528,416 clean reads against IWGSC chromosome survey sequence, 
127,222,144 total mapped reads were produced. The TMR and MMR of each sample were 
similar, at around 70% and less than 10%. The percent of reads mapped to exon regions of 
each sample was around 80%, while the reads density of each sample in chromosome 3B was 
higher than in other chromosomes. The expression level of genes was measured by transcript 
abundance. A higher the abundance corresponded to a higher the gene expression level. In 
this study, gene expression level was estimated by counting the reads mapped to exons. Read 
count was not only in proportion to the actual expression level of the genes, but also in 
proportion to the gene length and the sequencing depth. To make the estimated gene 
expression levels comparable across experiments, FPKM was used for normalization of gene 
expression level (Trapnell et al., 2012). The FPKM method was capable of eliminating the 
influence of different gene lengths and sequencing discrepancies on the calculation of gene 
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expression level, and the calculation results can be used to make comparison of gene 
expression levels among different samples. In our study, a total of 63 DEGs were identified 
with the padj setting as less than 0.05. When comparing treatments S30 and S0 at 7 DPA, we 
found that 62 DEGs were downregulated by S30, whereas only one DEG was upregulated by 
S30. The 63 DEGs were located in 21 chromosomes except chromosome 3A. Because of the 
limited resource of hexaploid wheat genome annotation at present, 24 of 63 DEGs were 
annotated using Triticum aestivum as reference organism, while among the remaining 39 
DEGs, 31 DEGs were annotated using Arabidopsis thaliana and Oryza sativa as reference 
organisms, and there was no available annotation for the last eight DEGs. Most of the 62 
downregulated DEGs annotated as non-specific lipid-transfer proteins and enzymes were 
involved in sulphur and nitrogen metabolic pathways, lipid biosynthesis and metabolic 
pathways and glycolysis (Table S3-1). The sole upregulated DEG annotated as diphosphate-
fructose-6-phosphate 1-phosphotransferase subunit alpha (PFP-ALPHA) were involved in the 
biosynthesis of D-glyceraldehyde 3-phosphate and glycerone phosphate from D-glucose in 
the glycolytic pathway (Duan et al., 2016) (Table S3-1). 
Functional annotation enrichment 
The 63 DEGs were significantly enriched in 22 items, and all of which were downregulated 
by S30 at 7 DPA (Fig. 3-4). Among them, five items assigned to biological process and three 
items under molecular function were involved in nitrogen metabolism. The biological process 
is able to identify a set of molecular events with a defined beginning and end. There were 
three DEGs enriched in the processes of glutamine biosynthetic (GO: 0006542) and 
metabolic (GO: 0006541), and the processes of glutamine family amino acid biosynthetic 
(GO: 0009084) and metabolic (GO: 0009064), whilst there were four DEGs involved in the 
process of alpha amino acid biosynthesis (GO: 1901607). The molecular function describes 
the elemental activities of a gene product. The same three DEGs enriched in above biological 
processes were gathered in the activities of glutamate ammonia ligase (GO: 0004356), 
ammonia ligase (GO: 0016211) and acid-ammonia ligase (GO: 0016880). The cellular 
component type reflected the differing states of each tissue, while there was no significant 
GO enrichment in cellular component. Furthermore, the directed acyclic graphs (DAGs) of 
biological process and molecular function were used for the visualization of enriched GO 
items and their hierarchy, illustrating the interaction and flow pathway of each item (Fig. 3-5a 
and b). The top ten significantly enriched items were selected as the main nodes and the 
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darker colour indicated higher DEG enrichment. The DAG of biological process 
demonstrated that DEGs significantly enriched in the GO items with an annotation of 
nitrogen metabolic relevant mechanisms were at the bottom of biological process hierarchy. 
Both glutamine family amino acid metabolic and alpha amino acid biosynthetic pathways 
were capable of regulating glutamine metabolic and glutamine family amino acid 
biosynthetic pathways, whose functions were to regulate the glutamine biosynthetic process. 
The DAG of molecular function illustrated that one cluster was focused on fatty acid 
metabolic pathways, while another was concentrated on glutamine metabolism. DEGs 
enrichment was more significant in glutamine metabolism than in fatty acid metabolism. The 
DEGs enrichment analysis revealed that there were four DEGs enriched in nitrogen metabolic 
pathways. Moreover, three of four DEGs (Traes_6AL_2017727C4, Traes_6BL_95C7F7123 
and Traes_6DL_24A8AB125) were annotated as glutamine synthetase in hexaploid wheat, 
while the rest one DEG (Traes_7AL_9AEC84938) was identified as UPF0481 protein 
At3g47200 in Arabidopsis annotation database (Table 3-1). 
 




Figure 3-５ Directed acyclic graph of GO enrichment, DAG 
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Table 3-１ Identification of three DEGs with an annotation of glutamine synthetase 
Up/downregulation 
(S30 vs. S0) 






GO:0016880 acid ammonia (or 
amide) ligase activity 
GO:0016211 ammonia ligase 
activity 
GO:0004356 glutamate 
ammonia ligase activity 
 
Biological process 
GO:0009064 glutamine family 
amino acid metabolic process 




GO:0009084 glutamine family 














Kyoto Encyclopedia of Genes and Genomes pathway enrichment 
The interactions of DEGs were involved in certain biological functions. KEGG pathway 
enrichment analysis identified significantly enriched metabolic pathways and signal 
transduction pathways associated with DEGs when compared with the whole genome 
background. The top 20 most significantly enriched pathways were selected to produce the 
KEGG scatter plot. The enrichment degree of a pathway was determined by using the rich 
factor, qvalue and gene count enriched to pathway ratio. The rich factor was the ratio of the 
number of DEGs to the number of genes annotated in a given pathway. The qvalue was the p-
value after normalization. A pathway with a larger rich factor was indicative of higher 
enrichment, and a pathway with a qvalue closer to zero indicated a more significant 
enrichment. The statistics of pathway enrichment analysis revealed that only fructose and 
mannose metabolism pathway (bdi: 100833293) was upregulated by S30 (Fig. 3-6a), whereas 
other 20 pathways were downregulated by high sulphur treatment (Fig. 3-6b). Among them, 
DEGs were more significantly enriched in two pathways named as arginine and proline 
metabolism (bdi: 100845598) and alanine, aspartate and glutamate metabolism (bdi: 
100845598) than other 17 metabolism pathways, except glyoxylate and dicarboxylate 
metabolism pathway (bdi: 100845598). Three DEGs (Traes_6AL_2017727C4, 
Traes_6BL_95C7F7123 and Traes_6DL_24A8AB125) annotated as glutamine synthetase 
(100845598) were enriched in above two metabolic pathways. Beside these, 
Traes_3DS_E756029E7 located on chromosome 3DS was enriched in alanine, aspartate and 
glutamate metabolism pathway and Traes_2DL_04892661A located on chromosome 2DL 
was enriched in arginine and proline metabolism pathway. In addition, the sole upregulated 
DEG Traes_5BS_B4326E4BD located on chromosome 5BS was enriched in fructose and 




Figure 3-６ KEGG pathway enrichment scatter plot. (a) Upregulated pathway. (b) Downregulated pathway. 
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Table 3-２ DEGs enriched in significant KEGG pathways 
Up/downregulation 
(S30 vs. S0) 





















































bdi00051 Traes_5BS_B4326E4BD bdi:100833293 
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Real time PCR validation 
The transcriptomic study showed that GS as a pivotal enzyme in GOGAT cycle for nitrogen 
metabolism was regulated by sulphur availability, which is a bridge of sulphur and nitrogen 
metabolism interaction. Therefore, RT-PCR analysis of GS was used for validating the results 
of RNA-seq. 
As mentioned above, the GS1 is located on chromosome 6A, while the GS2 is located on 
chromosome 5D. Therefore, three significant enriched DEGs annotated as glutamine 
synthetase and located on chromosome 6 were speculated to be GS1. Sequence alignment 
showed that the three DEGs are nearly the same as GS1 except few SNPs among them plus a 
5-bp insertion in Traes_6AL_2017727C4 (Fig. S3-1a). In comparison, more variations were 
found between the three DEGs and GS2 (Fig. S3-1b). After all, the RT-PCR results clearly 
demonstrated that both GS1 and GS2 were downregulated by high sulphur treatment in 7 





Figure 3-７ Real time PCR validation. (a) the expression level of GS1 and three DEGs in two treatments at 7 DPA. (b) the expression level of 
GS2 and three DEGs in two treatments at 7 DPA. 
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Promoter motif analysis 
Conserved regions for trans-acting elements binding were found in the 700 to 1000 bp 
promoter regions of three DEGs (Traes_6AL_2017727C4, Traes_6BL_95C7F7123 and 
Traes_6DL_24A8AB125) with an annotation of glutamine synthetase. The binding sites for 
transcription factor AP2/EREBP, bZIP, ARF and SURE, located in 700 to 1000-bp upstream 
region, were highly conserved (Table S3-2). Analysis of phytohormone specific transcription 
factors illustrated that cis-acting elements for ethylene and auxin were highly conserved in 








Our analysis of agronomic traits after various combinations of sulphur and nitrogen fertilizer 
treatments showed that both HI and NUE increased along with increasing sulphur supply to 
30 kg ha-1. Analysis of protein parameters showed that GPC and GY both increased with 
increasing sulphur supply to 30 kg ha-1 as well. However, even though both HMW-GS and 
LMW-GS content increased, Hi/Lo decreased, suggesting that LMW-GS increased to a larger 
extent. We didn’t observe any impact on the composition of the gliadin fraction caused by 
varying sulphur supply. Moreover, UPP% is the major determinant of rheological properties 
of dough. The amount of UPP in flour (around 20 to 40 mg g-1) is strongly correlated with 
dough strength and loaf volume, and together with P/M, constitutes a quantitative factor for 
dough quality. The molecular weight distribution of glutenins has been recognized as one of 
the main determinants of physical dough properties (Lindsay and Skerritt, 1999; Tronsmo et 
al., 2003; Zhang et al., 2008). The results of the present study showed that an increase in 
sulphur supply did not cause a significant change of UPP%. However, it is worth noting that 
no significant changes in the gliadin biosynthesis was observed for each treatment while the 
reduction in Hi/Lo under increased sulphur supply was obvious (Fig. 3a), which implies that 
sulphur deficit was happening during grain filling. A moderate sulphur deficiency mostly 
affects GPC rather than GY, while severe sulphur deficiency affects GY. In the current study, 
sulphur was applied at the beginning of seed germination rather than at flowering or grain 
filling stage, which suggests that sulphur deficiency occurs due to unspecific mechanisms of 
sulphur transporters preventing the improvement of sulphur use efficiency (SUE). The later 
the deficiency takes place, the less it affects sulphur content in the seeds. Therefore, the 
above analysis suggested that mid-season sulphur deficiency had occurred in this study. 
One sulphur deficiency symptom is the yellowing of new leaves, in contrast to nitrogen 
deficiency which affects old leaves first. All sulphur delivered to the grain must be released 
via remobilization from other tissues. Therefore, the translocation and remobilization of 
sulphur and its delivery to seed are of great importance for SUE (Hawkesford, 2006). 
Differential expression analysis reported in the literature assumes that sulphate transporters 
play a role in the control of sulphate fluxes throughout the entire process of plant 
development. There are four sulphate transporter gene families in wheat and each of them has 
specific roles to play. Three genes in group one are annotated as plasma membrane located 
high-affinity sulphate transporters, which are induced by sulphate deprivation in roots. Only 
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one gene assigned to group two is a low-affinity transporter and expressed in vascular tissues. 
There are five genes belonging to group three, while their functions are vague at present. The 
last gene in group four is involved in vacuolar efflux (Buchner et al., 2010; Shinmachi et al., 
2010). Among all these sulphate transporters, SULTR1;1 in group one was annotated as high-
affinity sulphate transporter and significantly upregulated under sulphur deficiency. The 16 
bp sulphur responsive element (SURE) of SULTR1;1 promoter was reported as a positive 
sulphur deficit responsive cis-acting element without any additional elements required for its 
fundamental function. The 5 bp sequence (GAGAC) of SURE acts as the core element for 
sulphur deficiency response and may commonly regulate the expression of genes required for 
adaption to sulphur deficit (Maruyama-Nakashita et al., 2005). Therefore, the three DEGs 
annotated as glutamine synthetase were downregulated by high sulphur supply and the 
presence of the core sequence of SURE in promoter region demonstrated that sulphur 
deficiency happened to low sulphur treatment. 
Plants have the ability to store sulphur to deal with short term sulphur deficiency. For 
instance, plants can activate sulphate uptake and primary sulphur assimilation for cysteine 
synthesis. The interorgan transport of sulphate may be regulated for efficient distribution and 
utilization of the internal vacuolar reserve. In addition, secondary sulphur metabolites can be 
remobilized as an additional source of sulphur for primary assimilation. However, long-term 
sulphur starvation results in a decrease in the level of total proteins, chlorophyll, RNA, and 
biomass, with the concomitant adverse impacts on plant development and protein 
accumulation (Blake-Kalff et al., 1998; Lappartient et al., 1999; Honsel et al., 2011). 
The regulatory interaction between sulphate assimilation and nitrate reduction is believed to 
occur at the transcriptional level. In this study, significant differences of HI, NUE and protein 
parameters were observed between S0 and S30, so that these two treatments were selected for 
the following comparative transcriptomic study to explore the potential mechanism. 
According to the model proposed by Lewandowska and Sirko (2008), a plant’s response to 
sulphur starvation can be divided into three major stages and depends on the level and 
duration of starvation. During the initial stage, changes happen to the expression of primary 
genes in the sulphur assimilation pathway and sulphate uptake from soil, followed by 
remobilization of stored inorganic sulphur from the vacuole. However, if sulphur remains as a 
limiting factor, changes will occur in multiple metabolic pathways. Plants intensify organic 
sulphur fluxes and activate stress defence responses, followed by the downregulation of 
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genes responsible for the uptake and assimilation of nitrogen. Changes in plant 
developmental processes result in an increase of root to shoot biomass ratio and earlier 
activation of senescence mechanism. However, both root and shoot growth slow down and 
the reproductive phase kicks in earlier to save sulphur for subsequent grain filling (Leustek 
and Saito, 1999). 
Under sulphur deficiency conditions, the ability of plants to take up nitrate and ammonium 
diminishes, while sulphur uptake ability increases. Due to a reduced amount of sulphur 
containing amino acids including Cys and Met, protein biosynthesis is blocked, leading to an 
accumulation of both inorganic and organic nitrogenous compounds including Arg and Asn 
(Prosser et al., 2001; Hoefgen and Nikiforova, 2008). Free Asn can promote the formation of 
acrylamide by reacting with reduced sugars via the Maillard reaction during high temperature 
breadmaking processes. Acrylamide is a suspected food carcinogen (Mottram et al., 2002; 
Virk-Baker et al., 2014). 
As mentioned above, one nutrient may accumulate when another is limiting. The 
accumulated nutrient can then be used in protein synthesis when the deficit is overcome in 
the short term. Therefore, longer sulphur starvation results in a decrease in GPC, which leads 
to an accumulation of Gln as a nitrogen store. The present transcriptomics study 
demonstrated that three DEGs annotated as glutamine synthetase (NADH-GOGAT) and 
located on chromosomes 6AL, 6BL and 6DL were downregulated by high sulphur supply. In 
addition, the KEGG pathway analysis indicated that three pathways involved in nitrogen and 
amino acid metabolism were downregulated by high sulphur treatment. These results 
revealed that there was less accumulation of free stored nitrogenous compounds when 
sulphur was sufficient. Moreover, under low sulphur condition, sulphur starvation results in 
an enhanced GS activity, followed by an accumulation of Asn due to the blockage of protein 
biosynthesis, thus promoting the formation of acrylamide through the reaction of free Asn 
and reduced sugars during breadmaking process, which could potentially increase the risk of 
cancer development in humans. Therefore, the application of sulphur fertilizer to achieve a 
sufficient availability of sulphur during plant growth is an important consideration in wheat 
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3.7 Supplementary material 
Supplementary figure 3-1. Sequence alignment of GS and nitrogen metabolism highly 
enriched DEGs. (a) GS1. (b) GS2. 
Supplementary table 3-1. The identification of 63 DEGs from the comparison between S30 
and S0 at 7 days post-anthesis. 
Supplementary table 3-2. Identification of cis-acting element conserved regions in promoter 
sequence of three DEGs annotated as glutamine synthetase. 







Supplementary figure 3-1 Sequence alignment of GS and nitrogen metabolism highly enriched DEGs. A GS1. B GS2. 
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Supplementary table 3-1 The identification of 63 DEGs from the comparison between 
S30N50 and S0N50 at 7 days post-anthesis 
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Supplementary table 3-2 Identification of cis-acting element conserved regions in promoter 
sequence of three DEGs annotated as glutamine synthetase 





Traes_6AL_2017727C4 AP2/EREBP 741..744 ACGT 100 
Traes_6AL_2017727C4 AP2/EREBP 804..807 ACGT 100 
Traes_6AL_2017727C4 AP2/EREBP 901..906 GCCGCC 100 
Traes_6AL_2017727C4 AP2/EREBP complement(741..744) ACGT 100 
Traes_6AL_2017727C4 AP2/EREBP complement(804..807) ACGT 100 
Traes_6BL_95C7F7123 AP2/EREBP 744..747 ACGT 100 
Traes_6BL_95C7F7123 AP2/EREBP 812..815 ACGT 100 
Traes_6BL_95C7F7123 AP2/EREBP 905..910 GCCGCC 100 
Traes_6BL_95C7F7123 AP2/EREBP complement(744..747) ACGT 100 
Traes_6BL_95C7F7123 AP2/EREBP complement(812..815) ACGT 100 
Traes_6DL_24A8AB125 AP2/EREBP 726..729 ACGT 100 
Traes_6DL_24A8AB125 AP2/EREBP 794..797 ACGT 100 
Traes_6DL_24A8AB125 AP2/EREBP 894..899 GCCGCC 100 
Traes_6DL_24A8AB125 AP2/EREBP complement(726..729) ACGT 100 
Traes_6DL_24A8AB125 AP2/EREBP complement(794..797) ACGT 100 
ARF 
Traes_6AL_2017727C4 ARF 738..742 GAGAC 100 
Traes_6BL_95C7F7123 ARF 741..745 GAGAC 100 
Traes_6DL_24A8AB125 ARF 723..727 GAGAC 100 
bZIP 
Traes_6AL_2017727C4 bZIP 740..745 GACGTC 100 
Traes_6AL_2017727C4 bZIP 741..744 ACGT 100 
Traes_6AL_2017727C4 bZIP 804..807 ACGT 100 
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Traes_6AL_2017727C4 bZIP complement(740..745) GACGTC 100 
Traes_6AL_2017727C4 bZIP complement(741..744) ACGT 100 
Traes_6AL_2017727C4 bZIP complement(804..807) ACGT 100 
Traes_6BL_95C7F7123 bZIP 743..748 GACGTC 100 
Traes_6BL_95C7F7123 bZIP 744..747 ACGT 100 
Traes_6BL_95C7F7123 bZIP 812..815 ACGT 100 
Traes_6BL_95C7F7123 bZIP complement(743..748) GACGTC 100 
Traes_6BL_95C7F7123 bZIP complement(744..747) ACGT 100 
Traes_6BL_95C7F7123 bZIP complement(812..815) ACGT 100 
Traes_6DL_24A8AB125 bZIP 725..730 GACGTC 100 
Traes_6DL_24A8AB125 bZIP 726..729 ACGT 100 
Traes_6DL_24A8AB125 bZIP 794..797 ACGT 100 
Traes_6DL_24A8AB125 bZIP complement(725..730) GACGTC 100 
Traes_6DL_24A8AB125 bZIP complement(726..729) ACGT 100 
Traes_6DL_24A8AB125 bZIP complement(794..797) ACGT 100 
SURE 
Traes_6AL_2017727C4 SURE 738..742 GAGAC 100 
Traes_6BL_95C7F7123 SURE 741..745 GAGAC 100 
Traes_6DL_24A8AB125 SURE 723..727 GAGAC 100 
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Supplementary table 3-3 Real time PCR primers for GS1 and GS2 








Chapter 4 Physiological responses and co-gene networks of 
wheat seed storage protein biosynthesis under different 
sulphur fertilization regimes 
4.1 Abstract 
Grain development, including protein accumulation, in wheat (Triticum aestivum) relies on a 
network of genetic controls which are responsive to agronomic treatments such as nutrient 
availability. Nutrients such as sulphur and nitrogen are two essential macronutrients that 
serve as building blocks in protein biosynthesis. This study investigated the impact of suphur 
fertilization on the genetic control of a range of physiologically important traits, grain storage 
protein accumulation and nitrogen metabolism in four Australian bread wheat cultivars. The 
study revealed that sulphur application can regulate glutamine synthetase activity and thus 
increase nitrogen use efficiency and grain yield. Transcriptomics assays revealed a novel 
sulphur mediated epigenetic regulatory mechanism for seed storage protein biosynthesis 
based on a series of identified cis-acting elements and their interacting genes. This suggests 
that low sulphur availability reduces methionine content and results in anoxic conditions, 
causing an alleviated storage protein biosynthesis and protein polymerization. This 
observation was validated using comparing amino acids dynamics and SDS-unextractable 
polymeric protein (UPP) content during grain filling in high and low sulphur treatments. The 
results also demonstrated that high sulphur treatment can promote the participation of 
glutamine, asparagine, cysteine and methionine in biological processes, facilitating protein 
polymerization and reducing free asparagine levels in mature grain. Consequently, the UPP 
levels can be significantly increased and the potential risk of acrylamide formation during 
food processing can be decreased compared to grain grown in low sulphur environments. In 
conclusion, high sulphur availability can increase grain yield and nitrogen use efficiency 
concurrently. Also, high sulphur treatment significantly increases UPP levels for a better 
breadmaking quality. It also reduces the free asparagine levels for acrylamide formation 
during food processing, decreasing the risk of cancer development. 
Keywords: amino acid dynamics; glutamine synthetase; gene network; nitrogen metabolism; 




Wheat (Triticum aestivum) plays a crucial role as a source of protein in human diets. Both 
protein content and composition are major determinants of quality. Research either on 
modifications of genetic control or on improvements in fertilizer use efficiency (FUE) for the 
optimizations of protein accumulation during wheat grain development has resulted in 
significant progress in wheat quality and grain yield (GY) over time. However, enhancing 
FUE is a complex endeavour because of the interaction of environmental factors and genetic 
control. As fertilizers have become the largest input cost to farmers and their prices keep 
rising, driven by demand and production costs, researchers have kept trying to improve both 
nitrogen and sulphur use efficiency (NUE & SUE). The importance of these elements lies in 
that nitrogen is the principal macronutrient involved in increasing protein content, whereas 
sulphur is the major determinant in modifications of protein composition (Foulkes et al., 
2009). Wheat is not able to reach its full yield potential and make efficient use of nitrogen for 
protein biosynthesis and accumulation without adequate sulphur availability (Zhao et al., 
1999; Kant et al., 2011). Sulphur metabolic processes start with sulphate uptake by the 
corresponding transporter, followed by reduction and transfer of the resulting sulphide to 
activated serine by O-acetylserine lyase to form cysteine (Cys) (Scheerer et al., 2009). Cys is 
the major component for the formation of disulphide bonds for protein aggregation, which in 
wheat is the mechanism behind viscoelasticity of dough matrix (Visschers and de Jongh, 
2005; Wieser, 2007). Apart from this, Cys is a precursor of several essential sulphur-
containing compounds involved in resistance to abiotic stresses, such as methionine (Met), 
glutathione, S-adenosylmethionine (SAM), S-methylmethionine (SMM), and glucosinolates 
(Lewandowska and Sirko, 2008). 
A review on seed development by Sreenivasulu and Wobus (2013) reports that early seed 
development events are controlled predominantly by transcriptional regulation, which is 
mainly mediated by a defined set of transcription factors (TFs) and governed by genome-
wide epigenetic events (Sreenivasulu et al., 2010; Le et al., 2010; Ikeda, 2012). The seed-
specific genes transcribed specifically in Triticeae are expressed mainly in the starchy 
endosperm and modified aleurone. They belong to the class of storage protein encoding genes 
(Drea et al., 2005). Several sets of high-resolution, spatial and temporal transcriptome data 
generated from both Arabidopsis and cereal seed compartments provide insights into 
hormonal and TF networks (Sreenivasulu et al., 2006; Day et al., 2008; Thiel et al., 2008). 
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These data substantiate the pivotal roles of hormones and their crosstalk during seed 
development from germination until desiccation and in programmed cell death events (Kanno 
et al., 2010; Nadeau et al., 2011; Seiler et al., 2011). Generally, the level of cytokinin reaches 
its maximum in grain immediately after anthesis, followed by peaks of gibberellic acid (GA) 
and auxin during growth, and then of ethylene and abscisic acid (ABA) as the grain matures 
(DuPont and Altenbach, 2003). There is increasing evidence that cytokinin level signals the 
nutritional status of the plant. Supplying nitrogen to nitrogen deficient plants leads to 
increases in cytokinin transport from roots. Also, cytokinin is a negative regulator of sulphate 
uptake, mediated by a functional cytokinin receptor protein AHK4 under non-limiting 
sulphate (Takei et al., 2001; 2002; Maruyama et al., 2004). GA is involved in modulating 
plant development during the whole life cycle while playing a crucial role during seed 
germination. GA antagonizes the germination inhibiting effects and promote the degradation 
of DELLA proteins, allowing the activation of GAMYB to induce the expression of α-
amylase and other hydrolases and proteases and subsequently mobilizing nutrients that are 
stored in the endosperm in order to satisfy the nutritional needs during seed germination 
(Lovegrove and Hooley, 2000; Yamaguchi and Kamiya, 2001; Gubler et al., 2002). The 
classical effects of auxin on plant development are tropic responses and apical dominance, 
which result in plant growth toward or away from environmental signals and repression of 
branch outgrowth by cells at the shoot tip. Auxin influx is required for embryonic 
development and its occurrence is mediated by a second, redundant permease family member 
or an alternative mechanism for importing auxin into the cell (Jenik and Barton, 2005). As 
the embryo entering the maturation phase, the concentration of ABA increases in seeds, and 
the resulting high ABA/GA ratio promotes grain maturation (Gazzarrini et al., 2004). 
Furthermore, ABA is required for the induction of some seed storage protein (SSP) genes. 
The transcription activator ABA Insensitive 3/Viviparous 1 (ABI3/VP1) accumulates seed-
specific transcripts in response to ABA. Some abi3 mutantations have been shown to strongly 
affect the accumulation of SSP (Stone et al., 2001; Kagaya et al., 2005). In addition, the grain 
filling rate in wheat is increased as a result of a higher ABA to ethylene ratio (ABA/ET) 
(Yang et al., 2006). ABA and ethylene have been reported to influence the timing of 
apoptosis in wheat endosperm during grain filling (DuPont and Altenbach, 2003). Apart from 
the primary hormones involved in grain growth, additional hormonal crosstalk is involved in 
biotic and abiotic stresses responses. The oxylipin jasmonic acid (JA) and its metabolites, 
collectively known as jasmonate, are important plant signalling molecules that mediate biotic 
and abiotic stress responses as well as aspects of growth and development (Wasternack, 
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2007). Moreover, the interaction of JA and ethylene has been reported to regulate plant 
defence which is mediated by TF AtMYC2 (Lorenzo et al., 2004; Leon-Reyes et al., 2009). 
Salicylic acid (SA) signalling triggers resistance against biotrophic and hemibiotrophic 
pathogens (Glazebrook, 2005). In addition, brassinosteroids (BRA) and cytokinin promote 
resistance against biotrophic pathogens by enhancing SA response through a master regulator 
of SA defence signalling named NPR1 (Dong, 2004; Choi et al., 2010; Divi et al., 2010). 
As mentioned above, adequate sulphur application is a key management strategy due to the 
important interactions of sulphur and nitrogen during wheat grain protein biosynthesis and 
the vital roles that sulphur metabolites play in phytohormonal signalling transduction during 
grain development. The impacts of sulphur mediated metabolism and signalling are 
implemented through regulating the expression of genes modulated by co-gene networks, 
however, the fundamental mechanisms underlying such roles remain unclear. To understand 
the impacts of sulphur availability on grain development, grain protein biosynthesis, grain 
protein quality and key physiological traits, we conducted a series of studies to identify the 
genes whose expression level is regulated by sulphur availability. Based on these results a 
novel sulphur mediated epigenetic regulatory mechanism for SSP biosynthesis was 
constructed. 
4.3 Material and methods 
4.3.1 Plant material, growth conditions and sample collection 
Glasshouse experiments 
Two years of glasshouse experiments were conducted in 2014 and 2015. Plants of hexaploid 
wheat cultivar Spitfire and Wyalkatchem were transplanted after germination into 24.4 L 
cubic pots filled with low sulphur containing soil (4.0 mg kg-1) delivered from Katanning 
agricultural research station of Department of Agriculture and Food, Western Australia 
(DAFWA). The experimental treatments consisted of four levels of sulphur fertilizer 
including 0, 10, 30 and 50 kg ha-1 with six replicates for each, expressed as S0, S10, S30 and 
S50. Gypsum (18% S) was used as the source of sulphur, and the amount of gypsum for each 
treatment was calculated according to the treatment design. Urea (46% N), triple 
superphosphate (20.5% P) and muriate of potash (50% K) were respectively used as the 
sources of nitrogen, phosphorus and potassium at 50, 60 and 100 kg ha-1. Fertilizers were 
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mixed with soil before transplanting the plants into pots, and the pots were arranged in 
randomized complete block design. Growth conditions in glasshouse were 20°C/11°C 
(day/night) for 16/8 hrs (light/dark). Soil moisture was adjusted to 70% field capacity. Each 
pot was watered with demineralized water every morning. The flag leaf was collected at 
flowering time, and the main tiller grains were collected at 7-day intervals, with sample 
collection from 7 to 42 DPA. Two or three grains on the central stem were taken and 
immediately frozen in liquid nitrogen and then stored at -80°C for RNA extraction. Mature 
grain was harvested, and the peduncle was collected for morphological trait investigation. 
Field trials 
Three years of field trials were conducted in 2014, 2015 and 2016. Four Australian bread 
wheat cultivars Mace, Westonia, Wyalkatchem and Spitfire were cultivated with four sulphur 
fertilization regimes in three sites at agricultural research stations of DAFWA, two of which 
were in Katanning for 2014 and 2015, and the third one was in Wongan Hills for 2016. The 
soil of three sites are all low in sulphur, at 4.0, 3.9 and 4.1 mg kg-1, respectively. The fertilizer 
treatments consisted of four levels of sulphur supply with three biological replicates for each. 
The compositions of fertilizer mixture were the same as glasshouse experiment. Fertilizers 
were applied before sowing and the amount of gypsum was calculated as required in the 
treatment design. Each plot size in 2014 was 10 × 1.54 = 15.4 m2 and in both 2015 and 2016 
was 3 × 1.1 = 3.3 m2. Plots were harvested at maturity. The GY and grain protein content 
(GPC, protein%) of each plot were measured. Afterwards, protein yield (PY) was calculated 
as GY multiplied by GPC. NUE was reflected by NUE-GY and NUE-PY, i.e. as GY and PY 
per kg of nitrogen applied per m2. 
4.3.2 Protein extraction, separation and quantification 
Extraction of SDS-unextractable polymeric protein and glutenins 
The extraction of SDS-unextractable polymeric protein (UPP) was performed according to 
Batey et al (1991). Generally, 100 mg of grain was ground into wholemeal flour using 
TissueLyser II from Qiagen, followed by addition of 1 ml of 0.05 M phosphate buffered 
saline pH 6.9 (PBS, HPLC grade) buffer with 0.05% sodium dodecyl sulphate (SDS) without 
sonication. After removing the supernatant SDS-extractable polymeric proteins (EPP), 
another 1 ml of PBS extraction buffer was added to the precipitate for UPP extraction. The 
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pellet was suspended in the solution and sonicated for 1 min at 300 W (15 rounds of 2-sec 
pulse and 2-sec interval). Afterwards, the supernatant was collected as UPP. 
The extraction of glutenins were based on the instruction of Yu et al (2013). Briefly, 100 mg 
grain was ground into wholemeal flour using TissueLyser II from Qiagen, followed by 
addition of 70% ethanol to the flour for gliadins extraction, and then 55% isopropanol was 
added to precipitate and remove albumins and globulins. Subsequently, 1 M Tris-HCl pH 8.0 
and 1% dithiothreitol (DTT) were used for disulphide bonds disruption, followed by 1.4% 4-
vinylpyridine to prevent the oxidation of reductive disulphide bonds. Lastly, glutenins were 
precipitated by 60% of cold acetone. After purifying the extract with 100% ethanol and 
acetone containing 0.07% β-mercaptoethanol (β-ME), the final extract was kept in a solution 
containing 0.05% trifluoroacetic acid (TFA) and 50% acetonitrile (ACN). 
Size-exclusion high performance liquid chromatograph and reverse-phase high performance 
liquid chromatograph 
The separation of UPP was performed by size-exclusion high performance liquid 
chromatograph (SE-HPLC) using an Agilent 1200 LC system (Agilent Technologies, 
http://www.agilent.com). Ten microliters of the extracts were injected into a Bio SEC-5 
column (4.6×300 mm, 500 Å, Agilent Technologies), maintained at room temperature. The 
eluents were ultrapure water (solvent A) and ACN (solvent B), each containing 0.1% TFA 
(HPLC grade, Sigma Aldrich). The flow rate was 0.35 ml min-1. Proteins were separated 
using 50% of solvent A and 50% of solvent B in 15 mins, and were detected by UV 
absorbance at 214 nm. Each sample was injected twice for technical replication. The column 
was washed using 50% ultra-pure water (solvent C) and 50% methanol (Solvent D) at 0.2 ml 
min-1. The ACN and methanol were in HPLC grade (Fisher Scientific). 
The separation of glutenin subunits was performed by reverse-phase high performance liquid 
chromatograph (RP-HPLC) using an Agilent 1200 LC system (Agilent Technologies, 
http://www.agilent.com). Ten microliters of the extracts were injected into a C18 reversed-
phase Zorbax 300 StableBond column (4.6×250 mm, 5 µm, 300 Å, Agilent Technologies), 
maintained at 60°C. The eluents were ultrapure water (solvent A) and ACN (solvent B), each 
containing 0.06% TFA (HPLC grade, Sigma Aldrich). The flow rate was 0.6 ml min-1. Protein 
was separated using a linear gradient from 21% to 47% of solvent B in 45 mins, and were 
detected by UV absorbance at 214 nm. Each sample was injected twice for technical 
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replication. The column was washed using 50% ultrapure water (solvent C) and 50% 
methanol (Solvent D) at 0.5 ml min-1. The ACN and methanol were in HPLC grade (Fisher 
Scientific). 
The quantification of SDS-unextractable polymeric protein and glutenin compositions 
Chromatograms were visualized using ChemStation for LC 3D system (Revision B.03.02 
[341], Agilent Technologies). Four SE-HPLC peaks (P1, P2, P3 and P4) corresponding to 
each EPP and UPP component were identified as glutenins (P1), gliadins (P2+P3), and 
albumins and globulins (P4) following the observations of Johansson et al (2001) and Sissons 
et al (2005). Calculation of the UPP percentage (UPP%) was performed by the area-under-
the-peak method. Thus, UPP% = (P1 after sonication)/(P1+P1 after sonication). 
Two obvious boundary areas in the glutenins chromatogram corresponded to high molecular 
weight glutenin subunit (HMW-GS) and low molecular weight glutenin subunit (LMW-GS) 
based on their hydrophobicity (Lookhart and Scott, 1995). The amount of each glutenin 
subunit was calculated as the percentage of total glutenins divided by the total area under the 
chromatogram trace of each subunit. The ratio of HMW-GS to LMW-GS (Hi/Lo) was 
calculated as the back-boundary area divided by the front-boundary area. 
4.3.3 Free amino acid extraction, separation and quantification 
The extraction of amino acid was performed according to De Barber et al (1989). Generally, 
350 mg frozen leaf or 1.50 g mature grain were ground, and the free amino acid was 
extracted using Mili-Q water, followed by protein removal using acetic acid. Before 
derivatization, the sample was diluted using Mili-Q water, and 20 μl of 30 μg ml-1 internal 
standard was added. The separation was performed by RP-HPLC using above-mentioned C18 
column. The acetic acid (pH 5.8) and ACN were used as running buffer, and the separation 
was performed at 0.96 ml min-1 in 40°C. The injection volume was 20 μL. Quantification was 
performed using the under-peak-area method. The amount of each amino acid was calculated 
according to the internal standard. The results were analysed based on three biological 
replications, and the standard deviation was calculated accordingly. 
4.3.4 Enzymic activity measurement assay 
Crude enzyme extraction 
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The frozen leaf and developing grain at 0.25 g were sliced and then homogenized in a mortar 
and pestle using 1.2 ml extraction buffer including 100 mM Tris-HCl, 10mM MgCl2, 1 mM 
EDTA, 3 mM DTT, 0.1% Trinton-100 and 10 mM β-ME. The homogenates were centrifuged 
at 15000 g for 20 mins at 4°C. The supernatant was then used as crude enzyme. 
Bradford soluble protein assay 
Protein standard for the construction of standard curve was prepared using 1 mg ml-1 BSA 
(Bovine Serum Albumin) solution. Bradford reagent at 5ml was added prior to OD595 nm 
measurement. The crude enzyme preparation at 0.1 ml was added to 5 ml Bradford reagent 
and then mixed for the measurement of protein content (ug g-1 fresh weight). The 
measurement formula is ((c/a)×V)/W, in which, c is the protein content  in the standard curve 
equation (mg); a is the measured volume of crude enzyme (ml); V is the volume of total 
extraction buffer (ml) and W is the fresh weight of sample (g). 
Glutamine synthetase activity measurement 
Crude enzyme preparation at 0.35 ml was added to 0.8 ml GS-reaction solution (100 mM 
Tris-base, 20 mM MgSO4.7H2O, 100 mM L-Glutamate, 10 mM Hydroxylamine, pH 7.2-8.0) 
and then incubated at 37°C for 5 mins. Afterwards, 0.35 ml 8 mM ATP was added to start the 
reaction, and the mixture was incubated at 37°C for 30 mins. Finally, 0.35 ml of stop solution 
(2% Trichloroacetic acid, 3.5% FeCl3.6H2O and 2% HCl) was added to end the reaction. The 
mixture was then centrifuged for 5 mins at 5,000 g before measuring at OD540 nm. The 
calculation formula of GS enzyme activity is A/(P×T×V), in which, A is OD540 nm value; P 
is the protein content in the crude enzyme preparation (mg ml-1); T is reaction time (h) and V 
is crude enzyme volume when reaction (ml). 
4.3.5 RNA isolation, library construction and sequencing 
Developing grain from three biological replicates was ground in liquid nitrogen, and total 
RNA was extracted using pre-chilled Trizol reagent (Invitrogen, Carlsbad, CA) following the 
manufacturer’s directions with some modifications. Protein was removed using a protein 
extraction buffer (1 M Tris-HCl, 5 M NaCl, 10% SDS, 0.125 M EDTA, 1 M DTT). After 
protein removal, acid phenol/chloroform/isopropanol (49:49:2), Trizol and chloroform were 
sequentially added for RNA extraction. Isopropanol was used for RNA precipitation, 
followed by Qiagen RNase-free DNase kit treatment to remove potential genomic DNA 
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contamination. Concentration and purity were measured by Nanodrop at 260/280 ratios with 
samples typically having absorbance ratios of approximately 2.0. The degradation and 
potential contamination was detected by agarose gel electrophoresis. RNA integrity was 
confirmed using Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA). The 
mRNA was enriched using oligo dT beads and then fragmented randomly in fragmentation 
buffer, followed by cDNA synthesis using random hexamers and reverse transcriptase. After 
initial data quality control, the sequence datasets for eighteen samples were pooled in 
eighteen data files, consisting of 557,488,940 raw reads in total. Afterwards, 27,415,530 
reads were removed, and the analysis was performed on the remaining 530,073,410 clean 
reads. The clean reads were pair-end mapped to the International Wheat Genome Sequencing 
Consortium chromosome survey sequence of Chinese Spring using HISAT 0.1.5 beta. 
4.3.6 Bioinformatics analysis 
Differentially expressed genes analysis 
HiSeq v0.6.1 was used to analyse gene expression level. The correlation between samples 
was justified by the square of Pearson correlation coefficient. The DESeq was used for 
differential expression analysis. The threshold of p-value after normalisation (padj, qvalue) 
was set as ≤ 0.05 for filtering significant differentially expressed genes (DEGs). 
Gene ontology and Kyoto Encyclopedia of Genes and Genomes pathway enrichment analysis 
of differentially expressed genes 
GOseq was used for gene ontology (GO) enrichment analysis (http://geneontology.org/). GO 
items with false discovery rate (FDR) corrected p-value ≤ 0.05 were significantly enriched 
items. KOBAS (version 2.0, http://kobas.cbi.pku.edu.cn/) was used for Kyoto Encyclopedia 
of Genes and Genomes (KEGG) pathway enrichment analysis (http://www.genome.jp/kegg/). 
Pathways with FDR corrected p-value ≤ 0.05 were significantly enriched pathway. 
Identification of cis-acting elements 
The gene IDs were converted into TGACv1 using ID History Converter in Ensembl Plants 
(http://plants.ensembl.org/Triticum_aestivum/Tools/AssemblyConverter), and the promoter 
sequence was collected from Ensembl Plants Biomart 
(http://plants.ensembl.org/biomart/martview). CLC genomics workbench 9.5.3 was used for 
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motif search and sequence alignment. The ‘Gene Group Analysis’ function within PlantPAN 
2.0 was used for transcription factor binding sites (TFBSs) and TFBSs interaction analysis 
(http://plantpan2.itps.ncku.edu.tw/). The frequency of promoters containing the TF/TFBS was 
set as 100%. 
Hierarchical clustering analysis of differentially expressed genes and gene network 
construction 
Pheatmap package in R was used for hierarchical clustering analysis. The ‘Gene prioritization 
based on network direct neighbourhood’ function within WheatNet was used for gene 
interaction network construction, visualized by Cytoscape (version 3.4.0) 
(http://www.inetbio.org/wheatnet/). 
4.3.7 Real-time PCR  
First strand cDNA was synthesized based on the manufacturer of Revert Aid First Strand 
cDNA Synthesis Kit (Thermo Fisher Scientific, USA). A 5 μg sample of DNase-treated RNA 
and random primers was used. The expression levels of GS1 and GS2 were quantified by 
real-time PCR using 2-ΔΔCT method with SYBR-green as the intercalated dye (Qiagen Rotor-
Gene Q instrument). The primers for GS1 and GS2 were designed by Primer Premier 5.0 
based on their respective specific coding regions (Table S4-3). The amplified efficiency of 
each primer pair was detected with the melting curve demonstrating as a single peak. Both 
ADP-ribosylation factor and Actin 3 were used as reference genes, and the PCR was 
performed in a 20 μL reaction volume including 4 pM of each primer, 1 μL of the first-strand 
cDNA and 1×SYBR Premix Ex Taq Π (Takara, Kyoto, Japan). The amplification reactions 
were carried out with the initial denaturing temperature of 94°C for 10 mins, followed by 40 
cycles of 94°C for 10 secs, annealing temperatures of each primer 15 secs and the extension 
at 72°C for 30 secs. The relative expression level of each gene was the means of three 
biological replications ± standard deviation (SD), and three technical replications were 
conducted for each gene. 
4.3.8 Statistical analysis 
All the data from glasshouse experiments and field trials were analysed by SPSS (version 24). 
Univariate analysis of variance (UNIANOVA) was used to determine the significant level of 
genotype (G), treatment (E) and G×E on each physiological trait and protein parameter. The 
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significantly statistical difference was judged at P ≤ 0.05. The calculation of correlation 
coefficient (r) among GY, NUE, and morphological traits was conducted with the Pearson 
correlation formula in R. 
4.4 Results 
4.4.1 Performance of agronomic traits and protein parameters under different sulphur 
fertilizer regimes 
Glasshouse experiments 
A significant impact of sulphur treatments on GY and NUE-GY was found (P ≤ 0.05), while 
there was no significant genotype variation between Spitfire and Wyalkatchem for these traits. 
With increased sulphur application, the GY of Spitfire and Wyalkatchem were respectively 
increased from 1.22 g to 3.26 g and from 1.19 g to 3.25 g, and the NUE-GY increased from 
0.49 g to 1.30 g and from 0.48 g to 1.30 g (Fig. 4-1a & b). The correlation coefficient among 
GY, NUE-GY, and morphological traits under different sulphur fertilization regimes are 
shown in Table 4-1. The r values of head weight, peduncle length, straw diameter, keycard 
diameter and neck to card distance with GY and NUE-GY were all more than 0.50, whereas 
neck diameter and straw weight were at 0.16 and 0.23 respectively. Meanwhile, the 
statistically significant impact of sulphur treatments was observed on all morphological traits 
with P ≤ 0.05, except straw weight which was at 0.702 (Table 4-2). The peduncle lengths of 
Spitfire and Wyalkatchem were respectively lengthened by high sulphur treatment from 15.98 
mm to 20.67 mm and from 14.55 mm to 19.21 mm, and the straw diameter was increased 
from 1.63 mm to 1.78 mm and from 1.63 mm to 2.00 mm (Fig. S4-1a & c). The keycard 
diameter was correspondingly increased from 1.52 mm to 1.74 mm and from 1.50 mm to 
1.98 mm, and the neck to card distance was increased from 2.55 mm to 6.48 mm and from 
3.74 mm to 7.45 mm (Fig. S4-1d & b), followed by an increased head weight from 1.09 g to 
1.48 g and from 0.83 g to 1.37 g, respectively (Fig. S4-1e). Taken together, these results 




Table 4-１ Correlation coefficients (r) among grain yield (GY), NUE-GY, and peduncle 



















Grain yield 1.00 1.00 0.16 0.68 0.60 0.59 0.56 0.64 0.23 
NUE-GY 1.00 1.00 0.16 0.68 0.60 0.59 0.56 0.64 0.23 
Neck diameter 0.16 0.16 1.00 0.42 0.19 0.70 0.68 0.09 0.19 
Head weight 0.68 0.68 0.42 1.00 0.68 0.69 0.76 0.59 0.11 
Peduncle length 0.60 0.60 0.19 0.68 1.00 0.55 0.63 0.71 0.30 
Straw diameter 0.59 0.59 0.70 0.69 0.55 1.00 0.96 0.69 0.32 
Keycard 
diameter 
0.56 0.56 0.68 0.76 0.63 0.96 1.00 0.74 0.38 
Neck to card 0.64 0.64 0.09 0.59 0.71 0.69 0.74 1.00 0.34 
Straw weight 0.23 0.23 0.19 0.11 0.30 0.32 0.38 0.34 1.00 
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The impacts of sulphur treatments, genotype variations and G×E on UPP% and Hi/Lo were 
all statistically significant (Table 4-2). The UPP% of Spitfire was increased from 30.09% to 
41.96% by sulphur application to 30 kg ha-1, followed by a decrease to 32.59% at 50 kg ha-1. 
Nevertheless, the UPP% of Wyalkatchem constantly decreased from 31.49% to 27.72% (Fig. 
4-1c). Meanwhile, the Hi/Lo of Spitfire and Wyalkatchem correspondingly decreased from 
0.62 to 0.50 and from 0.83 to 0.65 with increasing sulphur application (Fig. 4-1d). These 
results indicate that adequate sulphur application could increase UPP content, with genotype 
being a determining factor. 
Field trials 
The changes caused by sulphur application on GY, NUE-GY and NUE-PY were statistically 
significant at P ≤ 0.05, whereas conversely, the impacts of genotype on PY and NUE-PY 
rather than GY and NUE-GY were statistically significant (Table 4-2). GY of all four 
cultivars were all increased by incremental sulphur applications. Wyalkatchem and Mace 
were respectively increased from 0.273 kg m-2 to 0.308 kg m-2 and from 0.296 kg m-2 to 
0.354 kg m-2. Spitfire and Westonia GY increased from 0.296 kg m-2 to 0.354 kg m-2 and 
from 0.278 kg m-2 to 0.409 kg m-2 respectively (Fig. 4-1e). Moreover, the NUE-GY increased 
from 54.5 kg to 61.5 kg in Wyalkatchem, from 59.1 kg to 70.7 kg in Mace, from 59.1 kg to 
70.8 kg in Spitfire and from 55.6 kg to 81.8 kg in Westonia (Fig. 4-1f). These results 
demonstrate that sulphur application could increase GY and improve NUE-GY. 
The impacts of sulphur treatments and genotype variations on UPP% and Hi/Lo were both 
statistical significant, whereas statistically significant impacts of G×E were only observed 
with UPP% (Table 4-2). The UPP% of Wyalkatchem and Westiona was increased from 
33.52% to 40.76% and from 41.98% to 44.24% by sulphur application at 30 kg ha-1, followed 
by a slight decrease to 40.57% in Wyalkatchem and a large decrease to 37.08% in Westonia at 
50 kg ha-1. However, the UPP% of Mace consistently decreased from 37.75% to 34.91% (Fig. 
4-1g). The Hi/Lo of three cultivars were all decreased by sulphur application, which were 
from 0.66 to 0.48 in Wyalkatchem, from 0.70 to 0.55 in Westonia and from 0.73 to 0.58 in 
Mace (Fig. 4-1h). These results confirm that an adequate sulphur application could increase 
UPP content, however, genotype is an important a determinant factor. 
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Table 4-２ Significance level of the effects of genotypic variations (G), sulphur treatments (E) 










G×E 0.000*** 0.037* 0.001** 0.306 0.306
Genotype 
(G)
0.000*** 0.000*** 0.002** 0.191 0.191
Treatment 
(E)










G×E 0.000*** 0.344 0.759 0.759 0.795 0.861 G×E
Genotype 
(G)
0.000*** 0.030* 0.173 0.173 0.000*** 0.001** Genotype
Treatment 
(E)

















G× E 0.000*** 0.483 0.300 0.389 0.256 0.078 0.948
Genotype 
(G)
0.000*** 0.093 0.040* 0.285 0.198 0.064 0.236
Treatment 
(E)
0.000*** 0.000*** 0.002** 0.000*** 0.000*** 0.015* 0.702




Figure 4-１ Impacts of sulphur treatments on agronomic traits and protein parameters in 
glasshouse experiments and field trials. Glasshouse experiments: (a) Grain yield (g); (b) 
NUE-grain yield (g grain generated by per g nitrogen applied); (c) The percentage of UPP 
(UPP%); (d) The ratio of HMW-GS to LMW-GS (Hi/Lo). Field trials: (e) Grain yield (kg m-
2); (f) NUE-grain yield (kg grain generated by per kg nitrogen applied); (g) The percentage of 
UPP (UPP%); (h) The ratio of HMW-GS to LMW-GS (Hi/Lo). Error bars were calculated 
from six biological replicates in each year. UNIANOVA was used to detect the statistical 
significant level at P ≤ 0.05. 
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4.4.2 Nitrogen metabolism responding to sulphur availability during grain filling 
Identification of nitrogen and sulphur interaction pathway 
Glasshouse experiments illustrated that increasing levels of sulphur application can drive GY 
and NUE-GY of both Spitfire and Wyalkatchem but decrease Hi/Lo ratio. Results also 
indicated that, adequate sulphur application could concurrently improve GY, NUE-GY and 
UPP content. For example, the UPP% of Spitfire was increased by incremental sulphur 
application to S30. To understand the underlying mechanism of physiological response to 
sulphur availability including physiological traits and protein characteristics, a comparative 
transcriptomic assay was carried out between adequate (S30) and low sulphur (S0) 
availabilities using grains of Spitfire at 7, 14 and 21 DPA. A total of 63 DEGs (padj ≤ 0.05) 
were identified between S30 and S0 in 7 DPA, including 62 downregulated DEGs and one 
upregulated DEG (Table S4-1), which were significantly enriched in 22 GO items (P ≤ 0.05) 
and were all downregulated by S30 (Fig. 4-2a). Among the 22 GO items highlighted in this 
study, several biological processes were identified. These included glutamine biosynthesis 
and metabolism, glutamine family amino acid biosynthesis and metabolism and three 
molecular functions including glutamate ammonia ligase, ammonia ligase and acid-ammonia 
ligase which were all significantly enriched by the same three downregulated DEGs. 
Meanwhile, four significantly enriched KEGG pathways were also enriched by the same 
three downregulated DEGs including alanine, aspartate and glutamate metabolism, 
glyoxylate and dicarboxylate metabolism, arginine and proline metabolism as well as 
nitrogen metabolism (Fig. 4-2b). The three DEGs were Traes_6AL_2017727C4, 
Traes_6BL_95C7F7123 and Traes_6DL_24A8AB125, and all annotated as glutamine 
synthetase (GS) (Fig. 4-2c). Additionally, the blast results showed that they were all GS 




Figure 4-２ Transcriptomic analysis between high and low sulphur treatment. (a) Significantly enriched GO items (corrected p-value ≤ 0.05); (b) 
Significantly enriched KEGG pathway (corrected p-value ≤ 0.05); (c) The expression levels of three DEGs in S30 and S0 during grain filling. 
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Real-time PCR validation 
A real-time PCR analysis was carried out to validate the RNA-seq results (Fig. S4-2). The 
GS1 is located on chromosome 6A, while the GS2 is located on chromosome 5D. Sequence 
alignment showed that the three DEGs are nearly the same as GS1 except for a few SNPs 
plus a 5-bp insertion in Traes_6AL_2017727C4 (Fig. S4-3a). In comparison, more variations 
were found between the three DEGs and GS2 (Fig. S4-3b). The real-time PCR results clearly 
demonstrated that both GS1 and GS2 are downregulated S30 treatment 7 DPA, but there was 
nearly no difference in GS1 levels between the 14 and 21 DPA time points, which was 
aligned with the RNA-seq results (Fig. S4-2a). This suggests that the three DEGs in the 
current study were all GS1. 
Glutamine synthetase activity during grain filling 
GS activity dynamics in flag leaves and developing grains of Spitfire and Wyalkatchem was 
traced (Fig. 4-3). In flag leaves, GS activity of both cultivars was more active in S0 than in 
S30, resulting in more glutamine (Gln) accumulation in S0 (Fig. 4-3a & c). However, during 
7 to 21 DPA, the GS activity in developing grains of Wyalkatchem was lower in S30 than in 
S0, but in Spitfire was slightly higher in 14 and 21 DPA. From 28 to 35 DPA, the GS activity 
of both cultivars was much higher in S30 than in S0 (Fig. 4-3b & d). This result shows the 




Figure 4-３ Glutamine synthetase (GS) activity of Spitfire and Wyalkatchem flag leaves and developing grains. (a) GS activity of Spitfire flag 
leaves. (b) GS activity of Spitfire developing grains. (c) GS activity of Wyalkatchem flag leaves. (d) GS activity of Wyalkatchem developing 
grains. Blue bar, S0; red bar, S30. Error bars were calculated from three biological replicates. 
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4.4.3 Epigenetic regulatory mechanism for seed storage protein biosynthesis mediated 
by sulphur availability 
Identification of cis-acting elements for phytohormonal responses to sulphur availability 
during grain filling 
In this study, a total of 20,997 DEGs were identified among 7, 14 and 21 DPA in two 
treatments (Fig. S4-4 & Table S4-2). The significantly enriched GO items and KEGG 
pathways (P ≤ 0.05) were selected, and 1,004 out of 20,997 DEGs were enriched in selected 
items. After converting Traes IDs into TGAC IDs, the 1,000-bp upstream regions of the 1,004 
DEGs were collected from BioMart in Ensembl Plants as their promoter regions 
(http://plants.ensembl.org/biomart/martview). All 1,004 promoter sequences were mapped 
with an in-house developed cis-acting elements database by CLC genomics workbench and 
PlantPAN 2.0 with a threshold of support at 100%. Afterwards, a total of 55 cis-acting 
elements were identified. However, having due consideration to a 0.02% error rate during 
sequencing, motifs with a percentage of less than 0.02% were removed. Finally, 40 valid cis-
acting elements were identified for six phytohormone responses to sulphur availability during 
three grain filling stages (Table 4-3). Specifically, 18 out of the 40 cis-acting elements acted 
as ABA responders. Among them, four motifs were for ABA and ethylene interaction, and 
one motif participated in ABA and JA cooperation. Additionally, 22 other cis-acting elements 
were identified for five phytohormone responses including eight for GA, five for auxin, four 




Table 4-３ 40 cis-acting elements for six phytohormone responses to sulphur 
Name Motif Transcription factor Phytohormones 
DRE1COREZMRAB17  ACCGAGA  DREB ABA 
ABRELATERD1  ACGTG  ABF_bZIP ABA 
2SSEEDPROTBANAPA  CAAACAC  ABRE ABA 
PROXBBNNAPA  CAAACACC  ABRE ABA 
ATHB6COREAT  CAATTATTA  HD_ZIP HB6 ABA 
EMBP1TAEM  CACGTGGC  ABF_bZIP ABA 
RYREPEATBNNAPA  CATGCA  B3dTF_VP1 ABA 
RYREPEATVFLEB4  CATGCATG  FUS3, TRAB1, bZIP ABA 
ABREA2HVA1  CCTACGTGGC  ABF_bZIP ABA 
MYBATRD22  CTAACCA  R2R3_MYB ABA 
ACGTABREMOTIFAOSOSEM  TACGTGTC  ABF bZIP (TRAB1) ABA 
ABREBZMRAB28  TCCACGTCTC  ABF_bZIP ABA 
ABRECE1HVA22  TGCCACCGG  ABF_bZIP ABA 
SBOXATRBCS  CACCTCCA  AP2/EREBP (ABI4) ABA, ethylene 
DRE2COREZMRAB17  ACCGAC  AP2/ERF (DBF1, DBF2) ABA, ethylene 
ABREZMRAB28 CCACGTGG  
ABF bZIP, AP2/ERF 
(CBF2) 
ABA_ethylene 
LTRECOREATCOR15  CCGAC  AP2/ERF_DREB_(CBF1) ABA_ethylene 
ACGTATERD1  ACGT  AP2/EREBP ethylene 
AGCBOXNPGLB  AGCCGCC  ERF ethylene 
CURECORECR  GTAC  SBP ethylene 
CRTDREHVCBF2  GTCGAC  AP2/ERF_DREB_(CBF2) ethylene 
NTBBF1ARROLB  ACTTTA  DOF auxin 
CACGCAATGMGH3 CACGCAAT  ARF (NP) auxin 
SURECOREATSULTR11  GAGAC SURE auxin 
AUXRETGA1GMGH3  TGACGTAA  bZIP (NP) auxin 
ARFAT TGTCTC  ARF1 auxin 
GADOWNAT  ACGTGTC  ABF_bZIP GA 
CAREOSREP1  CAACTC  R2R3_MYB GA 
MYBGAHV  TAACAAA  R2R3_MYB GA 
GARE1OSREP1  TAACAGA  R2R3_MYB GA 
GARE2OSREP1  TAACGTA  R2R3_MYB GA 
TATCCACHVAL21  TATCCAC  R2R3_MYB GA 
WRKY71OS  TGAC WRKY GA 
PYRIMIDINEBOXHVEPB1  TTTTTTCC  R2R3_MYB GA 
TGBOXATPIN2  AACGTG  JAMYC JA 
MYCATRD22  CACATG  bHLH, MYC ABA, JA 
GCCCORE  GCCGCC  AP2/ERF ethylene, JA 
TCA1MOTIF  TCATCTTCTT  NP_TCA1 SA 
WBOXATNPR1 TTGAC  WRKY SA 
ASF1MOTIFCAMV  TGACG  TGA1_bZIP auxin,SA 
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Gene interaction network for ABA responses to sulphur availability during grain filling 
The workflow of DEG filtration for gene interaction network is shown in Fig. 4-4. Among the 
1,004 DEGs, the promoter regions of 416 DEGs with differentially expressed patterns in four 
libraries contained 18 cis-acting ABA responsive elements were identified. Meanwhile, DEGs 
representing the corresponding transcription factors (264) were filtered out based on their 
differentially expressed patterns in four libraries. Therefore, a total of 680 DEGs were 
integrated for gene interaction network construction using the ‘Gene prioritization based on 
network direct neighbourhood’ function within WheatNet (Lee et al., 2017). The resulting 
interaction network showed a total of 225 connected gene groups (Fig. 4-5a). Among them, 
52 genes encoding four transcription factor families which were directly connected to 50 
genes (Fig. 4-5a). Hierarchical clustering classified a total of 102 genes into two primary 
clusters, based on their expressed patterns in two treatments in 7, 14 and 21 DPA. Clustering 
resulted in two groups, with each group subdivided into two sub-clusters, as shown in Fig. 4-
5b. The 50 DEGs belonging to sub-cluster 1 and sub-cluster 2 showed similar expressed 
patterns in four libraries, which were upregulated from 7 to 14 DPA, but downregulated 
during 14 to 21 DPA in both treatments. Overall, five exceptions existed, including three 
within sub-cluster 1 and two within sub-cluster 2, which were respectively upregulated by S0 
during 14 to 21 DPA and downregulated by S30 from 7 to 14 DPA. Conversely, another 52 
DEGs belonging to sub-cluster 3 and sub-cluster 4 were downregulated from 7 to 14 DPA but 
upregulated during 14 to 21 DPA in both treatments. There were seven exceptions within sub-
cluster 3 including six upregulated DEGs from 7 to 14 DPA and four downregulated DEGs 
during 14 to 21 DPA in S30 and another seven exceptions within sub-cluster 4 with three 





Figure 4-４ Schematic diagram of data mining process in this study. The initial filtration of 1,004 DEGs based on their enrichment in GO item 




Figure 4-5a Direct gene connection network of 225 gene groups. Blue character, transcription 
factors; yellow label, the gene group directly connected with transcription factors; red line, 




Figure 4-5b Hierarchical clustering of 102 direct interacted genes. The ruler, from one to 
minus one; the gradual red, upregulation; the gradual green, downregulation. 
Figure 4-５ (a) Direct gene connection network of 225 gene groups. Blue character, 
transcription factors; yellow label, the gene group directly connected with transcription 
factors; red line, connections of transcription factors and gene groups; (b) Hierarchical 
clustering of 102 direct interacted genes. The ruler, from one to minus one; the gradual red, 
upregulation; the gradual green, downregulation. 
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A proposed epigenetic regulatory mechanism for seed storage protein biosynthesis 
responding to sulphur availability 
In this study, Traes_4DL_3DD859576 was annotated as homocysteine S-methyltransferase 1 
(HMT-1), which was upregulated during 7 to 14 DPA and downregulated at later stages, and 
which interacted directly with MYB TF in the regulation of Met biosynthesis. In the S30 
treatment, they worked synergistically as an activator, whereas they acted as a repressor in S0 
(Fig. 4-6). 
Meanwhile, this study identified three DEGs Traes_5DL_41E3B1B23, 
Traes_2AS_72E9B68D2 and Traes_2DS_D2EF60FE1 as ethylene responsive factor (ERF) 
RELATED TO APETALA 2.3 (RAP 2.3). Traes_5BS_681A69B60 was annotated as plant 
cysteine oxidase 2 (PCO 2), which was upregulated during 7 to 14 DPA but downregulated at 
later. The RAP 2.3 located on chromosome 5DL and PCO 2 worked as mutual activators in 
both treatments from 7 to 21 DPA. However, they were more significantly upregulated by S0 
than by S30 during 7 to 14 DPA, while at later stage, they were more significantly 
downregulated by S30 than S0 (Fig. 4-6). Meanwhile, the other two RAP 2.3s, located on 
2AS and 2DS, interacted directly with five ABI3/VP1s Traes_2DL_2128A95BD, 
Traes_5BL_B98E347A8, Traes_5DL_CACDF70D6, Traes_4AL_4F2E6EF28 and 
Traes_4DS_E6210A614. The expression of the two RAP2.3s Traes_2AS_72E9B68D2 and 
Traes_2DS_D2EF60FE1 was upregulated during 7 to 14 DPA but downregulated at later 
stages in both treatments. However, five ABI3/VP1s exhibited opposite expression pattern to 
these of the two RAP 2.3s, which were downregulated in different levels during 7 to 14 DPA, 
and upregulated to different extents at the later stages in both treatments. This result indicates 




Figure 4-６ The proposed sulphur mentored epigenetic regulatory pathway for seed storage proteins biosynthesis. Blue diamond, transcription 
factors; yellow oval, DEGs; gray and green oval, and gray rectangle, reaction products and processes. 
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4.4.4 Free amino acids content dynamics and grain protein polymerization mediated by 
sulphur availability during grain filling 
The individual free amino acid content dynamics during grain filling 
During grain development nitrogen remobilizes from the leaf to the grain in the forms of 
Glutamine (Gln), asparagine (Asn), glutamic acid (Glu) and aspartic acid (Asp). Also, Gln 
and Asn act as the substrate for further amino acid biosynthesis by catalysing transaminase 
activity. The free Gln Index (free Gln% x 104) at 2.94 in S30 was slightly less than S0 in 7 
DPA (3.13). Lager reduction were observed in other stages of development such as 0.62 in 
S30 and 1.11 in S0 at 21 DPA. Subsequently, an increase of the Gln Index to 1.23 and 1.15 
was observed in S30 and S0 in 28 DPA respectively, followed by a decrease to 0.11 and 0.19 
in 42 DPA (Fig. 4-7a). Interestingly, an increase in the Glu Index from 3.54 to 7.27 and from 
3.36 to 6.70 were observed at S30 and S0 from 7 to 14 DPA respectively, followed by a 
sharper decrease from 7.27 to 0.44 in S30 and in S0 from 6.70 to 1.56 during 14 to 42 DPA 
(Fig. 4-7b). The free Asn Index of 0.77 in S30 was slightly less than the 0.94 in S0 at 7 DPA. 
In S30 and S0, it was almost the same during 7 to 35 DPA, with a minor increase of 1.33 to 
1.35. However, during 35 to 42 DPA, a decrease from 1.33 to 0.59 occurred in S30, whereas 
an increase from 1.35 to 1.73 occurred in S0 (Fig. 4-7c). There was no significant difference 
between the two treatments in free Asp Index during 7 to 28 DPA. However, during 28 to 42 
DPA, a slight decrease from 1.21 to 1.02 occurred in S30, whereas a larger increase from 1.19 
to 2.08 was observed in S0 (Fig. 4-7d). 
Both Cys and Met are major sulphur containing amino acids, and the disulphide bonds are 
formed between two Cys residuals. The free Cys and Met content dynamics were compared 
between S30 and S0. At the beginning of grain filling, the free Cys Index (0.15) in S30 was 
less than that in S0 (0.20), followed by a sharp decrease to 0.01 in S30 and 0.08 in S0 from 7 
to 21 DPA. After 21 DPA, a significant increase to 0.10 was observed in S30, and a slight 
increase to 0.11 occurred in S0 from 21 to 35 DPA. During 35 to 42 DPA, a decrease to 0.03 
and 0.02 respectively was observed in S30 and S0 (Fig. 4-7e). Meanwhile, in 7 DPA, the free 
Met Index in S30 at 1.34 was higher than 1.01 measured in S0. However, during 7 to 14 DPA, 
a decrease to 1.26 was observed at S30, whereas an increase to 1.58 occurred in S0. The 
dynamics of free Met Index from 14 to 42 DPA was almost the same, with a small decrease to 
0.40 in S30 and 0.53 in S0. In mature grain (42 DPA), the amount of free Met Index in S30 
was lower than in S0 (Fig. 4-7f). From the results outlined above, the dynamic changes of 
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both Cys and Met contents in S30 appeared to be more significant than in S0. 
Free total Amino acid content dynamics and grain protein polymerization during grain filling 
In 7 DPA, the free total amino acid index (amino acid% x 104) at 18.10 in S30 was slightly 
higher than the 16.20 in S0, but the increase to 27.90 in S30 was slight less than that in S0 
from 7 to 14 DPA (29.60). During 14 to 42 DPA, a decrease to 5.03 occurred in S30, which 
was larger than the decrease observed in S0 (11.00, Fig. 4-7g). The free total amino acid 
dynamic changes in S30 were greater in S0, and the residuals measured in mature grain in 
S30 were smaller than in S0. 
For the UPP accumulation in Spitfire, no difference was observed during 7 to 28 DPA 
between S0 and S30. However, significant differences happened later in development. From 
28 DPA to 35 DPA, the UPP% of S30 changed from 19.39 % to 44.54%, which is an increase 
of 25.15%. This increase was higher than that seen in S0 (19.08% to 37.93%), which was an 
increase of 18.85% (Fig. 4-7h). Interestingly, the dynamics pattern seen here was consistent 




Figure 4-７ Free amino acid dynamics and UPP accumulation during grain filling. (a) Free 
glutamine; (b) Free glutamic acid; (c) Free asparagine; (d) Free aspartic acid; (e) Free 
cysteine; (f) Free methionine; (g) Free amino acid; (h) UPP accumulation. Blue line, S0; red 
line, S30. Green line, Mace; purple line, Westonia; dark blue line, Wyalkatchem. Error bars 




Two seasons of glasshouse experiments reveal that high sulphur treatments can increase GY 
and improve NUE-GY. An investigation of the correlation among GY, NUE-GY and 
morphological traits illustrates that five morphological traits including head weight, peduncle 
length, straw diameter, keycard diameter, and neck to card distance were all highly positively 
correlated with GY and NUE-GY. Incremental sulphur applications also led to a clear 
increase of the five morphological traits. This indicates that GY and NUE-GY related traits 
can be optimised through optimal sulphur fertilization strategies. The investigation of protein 
content and composition showed that Hi/Lo was decreased by high sulphur availability. This 
may be due to the fact that LMW-GS are sulphur rich proteins, hence, more LMW-GS than 
HMW-GS are produced at high sulphur availability. However, the UPP% was also increased 
by high sulphur, indicating that high sulphur can improve protein aggregation to produce 
more UPP in mature grain. The UPP content in flour (around 20 to 40 mg g-1) is strongly 
positively correlated with dough strength and loaf volume, and very important for 
breadmaking quality (Lindsay and Skerritt, 1999). The relationship between UPP% and 
sulphur availability demonstrates that sulphur application is essential to achieve good quality 
bread. In addition to the glasshouse experiments, three years of field trials were also carried 
out to verify the glasshouse experiments. Statistically significant effects of sulphur treatments 
were observed in field conditions on GY and NUE-GY on all cultivars which were increased 
by high sulphur fertilization regime. Meanwhile, both sulphur treatments and genotype 
variations exerted statistically significant impacts on UPP% and Hi/Lo, while the statistically 
significant impacts of genotype × treatment was only observed on UPP%. 
Since fertilizer management exerts a major impact on gene expression levels which regulate 
downstream mechanisms, a transcriptomic study was carried out to explore sulphur mediated 
gene regulatory network of nitrogen metabolism and grain protein biosynthesis, which 
resulted in the differences in protein compositions and UPP content among different sulphur 
treatments. GS is a pivotal enzyme in the glutamine oxoglutarate aminotransferase cycle for 
nitrogen metabolism (Masclaux-Daubresse et al., 2006). This study demonstrated that its 
activity is regulated by sulphur availability, suggesting a link between sulphur and nitrogen 
metabolism, so that GS is a bridge of sulphur and nitrogen interaction. GS activity in the flag 
leaf in high sulphur treatments was lower than in low sulphur treatment, but in developing 
grain it was more active in high sulphur treatments compared to low sulphur treatments. In 
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high sulphur, the lower GS activity in leaf results in less Gln accumulation for subsequent 
remobilization to developing grains, followed by a reduced availability of Gln in developing 
grain at the beginning of grain filling, which consequently gives a signal to enhance the GS 
activity of developing grain to produce more Gln for amino acid biosynthesis. Furthermore, 
during 7 to 21 DPA, the sharp decrease of free Gln% in high sulphur indicates that high 
sulphur promotes Gln to participate in amino acid biosynthesis for grain filling. Meanwhile, 
the differences in free Glu dynamics between high and low sulphur treatments also indicate 
that high sulphur results in more Glu for grain filling. Also, the current study demonstrates 
that low sulphur availability generally results in more Asn residuals in mature grain (42 DPA), 
while free Asn and reduced sugars can form acrylamide during breadmaking, which has the 
potential to increase the risk of cancer development (Mottram et al., 2002; Virk-Baker et al., 
2014). Taken together, this study confirms that GS is a bridge of sulphur and nitrogen 
metabolism interaction, and high sulphur promotes synthesis of amino acids involved in 
biological processes and results in lower amounts of Asn in mature grain, reducing the 
potential for acrylamide formation during breadmaking. 
A sulphur mediated epigenetic regulatory mechanism for SSP biosynthesis is proposed in the 
current study. Ranocha et al (2000) reported that HMT mediates the reaction of SMM and 
homocysteine to Met, and AtHMT-1 is strongly inhibited by Met, which has major 
implications for the flux regulation through the HMT reaction and the SMM cycle. High 
sulphur aids MYB TF in activating HMT-1 expression, followed by an increasing Met, 
whereas low sulphur represses this interaction. Met is usually very high in cereal crops, and 
gives them a prominent role as a source of this essential amino acid in human nutrition. 
About 20% of the Met is incorporated into protein, while 80% is converted to SAM, which is 
a methyl group donor for the methylation of various substrates, such as DNA, RNA and 
protein (Bielecka, 2007). Apart from its role as a methyl group donor for methylation, SAM 
is the aminobutyrate group donor in the production of l-aminocyclopropane-1-carboxylic acid, 
which is then oxidized to ethylene, followed by the response of ERF through signalling 
transduction (Yang and Adams, 2014). The ERF RAP 2.3 was reported to activate hypoxia 
maker genes under anoxic and normoxic conditions, together with its homologues RAP 2.2 
and RAP 2.12. Inducible expression of all three RAP2s conferred tolerance to anoxia and 
oxidative stresses and enhanced the sensitivity to ABA. These three RAP2s act redundantly in 
multiple stress tolerance, and oxygen-dependent degradation of RAP 2.12 is mediated by the 
nitrogen end rule pathway (Papdi et al., 2015; Gasch et al., 2015). Moreover, PCO 1 and 
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PCO 2 were reported to be responsible for the preparation of RAP2 proteins for proteasomal 
degradation by enhancing the generation of N-degron in an oxygen-dependent manner. As 
reported, PCOs directly link the transcriptional activity of RAP2s for the hypoxic response to 
the actual availability of oxygen in the cell (Weits et al., 2014; Dissmeyer et al., 2017). The 
more significant upregulation and downregulation of both RAP 2.3 and PCO 2 respectively 
happened to low sulphur from 7 to 14 DPA and high sulphur during 14 to 21 DPA, indicating 
that grain growth in low sulphur treatment is subject to anoxic and sensitive to ABA. Orsi et 
al (2001) reported that appropriate redox conditions promoted efficient formation of intra-
molecular disulphide bonds, and assist them in assembling into native polymers. Studies on 
trafficking and deposition of wheat polymers demonstrated that the overall redox potential of 
the ER lumen varies during grain development, and these changes affected the formation and 
dissociation of disulphide bonds and generate subsequent impacts on protein polymerization 
(Rhazi et al., 2003). Grain grown in low sulphur is susceptible to anoxic conditions, leading 
to an alleviated protein polymerization. Upregulation of RAP 2.3s in anoxic conditions 
represses ABI3/VP1 activity, resulting in an alleviated SSP biosynthesis. Taken together, low 
sulphur availability results in a reduction of Met, and results in anoxic conditions, followed 
by an alleviated storage protein biosynthesis and protein polymerization. Interestingly, with 
nearly the same amount of free Met at the beginning of grain filling, a much sharper decrease 
occurred in the high sulphur treatment, indicating that high sulphur promotes free Met to 
become involve in biological processes including SSP biosynthesis. Also, a greater drop in 
free Cys was also observed in high sulphur treatments, demonstrating that high sulphur 
treatments results in the involvement of Cys in the formation of UPP. This is confirmed by 
the observation that the UPP content was more significantly increased by high sulphur 
treatments from 28 DPA. 
In conclusion, both glasshouse experiments and field trials demonstrate that sulphur 
fertilization can improve GY and NUE-GY. Four morphological traits including peduncle 
length, straw diameter, keycard diameter and neck to card distance were shown to be crucial 
targets to improve GY and NUE-GY through optimizing sulphur fertilization strategy. 
Meanwhile, the UPP content and protein compositions rely on both sulphur treatments and 
genotype variations. The transcriptomic study carried out on developing grains from high and 
low sulphur treatment assisted in identifying GS as an intermediate in sulphur and nitrogen 
metabolism. A sulphur mediated epigenetic regulatory model for SSP biosynthesis was 
elucidated which suggested that low sulphur reduces Met content, and results in anoxic 
196 
 
conditions followed by an alleviated SSP biosynthesis and protein polymerization. Moreover, 
the comparison of amino acids dynamics between high and low sulphur treatments validates 
the proposed model, and confirms that high sulphur can promote the synthesis of amino acids 
involved in biological processes giving rise to enhanced protein polymerization to form more 
UPP. High sulphur treatment also gives rise to a reduction in the proportion of Asn residuals 
which is likely to result in decreased acrylamide formation during breadmaking. 
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4.7 Supplemental material 
Supplementary figure 4-1 Impacts of sulphur treatments on peduncle traits. (a) Peduncle 
length (mm); (b) Neck to card (mm); (c) Straw diameter (mm); (d) Keycard diameter (mm); 
(e) Head weight. Error bars were calculated from six biological replicates in each year. 
UNIANOVA was used to detect the statistical significant level at P ≤ 0.05 level. 
Supplementary figure 4-2 The expression of GS1 and GS2 in S30 and S0 during grain filling. 
(a) GS1; (b) GS2. 
Supplementary figure 4-3 Sequence alignment of Traes_6AL_2017727C4, 
Traes_6BL_95C7F7123 and Traes_6DL_24A8AB125 with GS1 and GS2. (a) GS1; (b) GS2. 
Supplementary figure 4-4 Volcano plots of identified DEGs in four libraries. 
Supplementary figure 4-5 Free amino acid dynamics during grain filling. (a) Free serine; (b) 
Free arginine; (c) Free glycine; (d) Free threonine; (e) Free proline; (f) Free alanine; (g) Free 
tyrosine; (h) Free valine; (i) Free isoleucine; (j) Free leucine; (k) Free phenylalanine. Blue 
line, S0; red line, S30. Error bars were calculated from three biological replicates. 
Supplementary table 4-1 A total of 65 DEGs identified between S30 and S0 in 7 DPA. 
Supplementary table 4-2 Summary of RNA-seq reads in this study. 
Supplementary table 4-3 Real-time PCR primer for GS1 and GS2. 
204 
Supplementary figure 4-1 Impacts of sulphur treatments on peduncle traits. (a) Peduncle 
length (mm); (b) Neck to card (mm); (c) Straw diameter (mm); (d) Keycard diameter (mm); 
(e) Head weight. Error bars were calculated from six biological replicates in each year.
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Supplementary figure 4-5 Free amino acid dynamics during grain filling. (a) Free serine; (b) 
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sp|P82900|NLT2G_WHEAT Non-specific lipid-transfer protein 2G OS=Triticum aestivum PE=1 SV=2//4.39137e-26 
Traes_1BS_68F77FA
E7 





sp|Q6ZJD3|PLP2_ORYSJ Patatin-like protein 2 OS=Oryza sativa subsp. japonica GN=PLP2 PE=3 SV=1//6.42928e-151 
Traes_1DL_B466DF4
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sp|F4HVY0|CER1_ARATH Protein ECERIFERUM 1 OS=Arabidopsis thaliana GN=CER1 PE=1 SV=1//0 
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sp|B8AQW7|PLP1_ORYSI Patatin-like protein 1 OS=Oryza sativa subsp. indica GN=PLP1 PE=3 SV=1//2.97873e-156 
Traes_1DS_FA495B9
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sp|Q9TJN6|RR17_MAIZE 30S ribosomal protein S17, chloroplastic OS=Zea mays GN=RPS17 PE=2 SV=1//5.11826e-48 
Traes_2BL_032A12D
B3 





sp|Q9FN03|UVR8_ARATH Ultraviolet-B receptor UVR8 OS=Arabidopsis thaliana GN=UVR8 PE=1 SV=1//4.38437e-07 
Traes_2BL_4AAB87
19F 
73.00971 170.1793 -1.2209 
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sp|Q653V7|AGLU_ORYSJ Probable alpha-glucosidase Os06g0675700 OS=Oryza sativa subsp. japonica 
GN=Os06g0675700 PE=1 SV=1//0 
Traes_2BL_928000A
2B 





sp|Q9FN03|UVR8_ARATH Ultraviolet-B receptor UVR8 OS=Arabidopsis thaliana GN=UVR8 PE=1 SV=1//1.96883e-21 
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sp|Q9FRV1|CHIA_SECCE Basic endochitinase A OS=Secale cereale GN=rsca PE=1 SV=1//1.44238e-148 
Traes_2BS_B8E7189
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sp|Q9FRV1|CHIA_SECCE Basic endochitinase A OS=Secale cereale GN=rsca PE=1 SV=1//1.44238e-148 
Traes_2DL_04892661
A 









































sp|P19656|NLTP_MAIZE Non-specific lipid-transfer protein OS=Zea mays PE=1 SV=1//9.11969e-29 
Traes_3DS_E756029
E7 





sp|Q07346|DCE_PETHY Glutamate decarboxylase OS=Petunia hybrida GN=GAD PE=1 SV=1//8.71848e-148 
Traes_4AL_205E885
70 


















































sp|Q2QYE1|APY3_ORYSJ Probable apyrase 3 OS=Oryza sativa subsp. japonica GN=APY3 PE=2 SV=2//0 
Traes_4DL_B1B379C
B5 





sp|A2ZC67|ASP1_ORYSI Aspartic proteinase Asp1 OS=Oryza sativa subsp. indica GN=ASP1 PE=2 SV=2//1.07366e-110 
Traes_5AL_B446A07
423 























sp|Q9LN49|KCS4_ARATH 3-ketoacyl-CoA synthase 4 OS=Arabidopsis thaliana GN=KCS4 PE=2 SV=1//9.08149e-96 
Traes_5BS_B4326E4
BD 





sp|Q41140|PFPA_RICCO Pyrophosphate--fructose 6-phosphate 1-phosphotransferase subunit alpha OS=Ricinus communis 
GN=PFP-ALPHA PE=3 SV=1//1.67308e-31 
Traes_5BS_BA0EAE
97A1 
























sp|Q9FIG6|DIR1_ARATH Dirigent protein 1 OS=Arabidopsis thaliana GN=DIR1 PE=2 SV=1//7.20632e-23 
Traes_5DL_8F68FBC
81 

















67.57157 161.4835 -1.2569 
1.04E-
06 
0.003 sp|Q06378|GLNA3_HORVU Glutamine synthetase OS=Hordeum vulgare PE=2 SV=1//3.93391e-18 
Traes_6AL_38E8DC
F06 





sp|Q9LXG3|PER56_ARATH Peroxidase 56 OS=Arabidopsis thaliana GN=PER56 PE=2 SV=1//1.66092e-100 
Traes_6AS_33690B2
36 














sp|Q9LXG3|PER56_ARATH Peroxidase 56 OS=Arabidopsis thaliana GN=PER56 PE=2 SV=1//2.53073e-38 
Traes_6BL_95C7F71
23 





sp|Q06378|GLNA3_HORVU Glutamine synthetase OS=Hordeum vulgare PE=2 SV=1//0 
Traes_6DL_0A0ABD
677 





sp|F4JKH6|TSS_ARATH Protein TSS OS=Arabidopsis thaliana GN=TSS PE=1 SV=1//0 
Traes_6DL_24A8AB
125 





sp|Q06378|GLNA3_HORVU Glutamine synthetase OS=Hordeum vulgare PE=2 SV=1//0 
Traes_6DL_3EF3193
D0 





sp|Q9LXG3|PER56_ARATH Peroxidase 56 OS=Arabidopsis thaliana GN=PER56 PE=2 SV=1//2.13152e-101 
Traes_6DS_3522B8E
F6 





sp|P55308|CATA2_HORVU Catalase isozyme 2 OS=Hordeum vulgare GN=CAT2 PE=2 SV=1//0 
Traes_6DS_C035841
4B 
































sp|Q8W2B7|BX8_MAIZE DIMBOA UDP-glucosyltransferase BX8 OS=Zea mays GN=Bx8 PE=1 SV=1//1.64597e-71 
Traes_7DS_71ADD7
C7C 

















Supplementary table 4-2 Summary of RNA-seq reads in this study 
Sample 
name 






















































































































































































































































































































































































































































































































































































































































































Supplementary table 4-3 Real-time PCR primers for GS1 and GS2. 









Chapter 5 Discussion 
The aim of this study was to understand the impacts of different nitrogen and sulphur 
fertilization regimes on wheat grain development, including physiological responses and its 
underlying mechanisms. A series of agronomically important traits and protein parameters 
including grain yield (GY), grain protein content (GPC), grain protein yield (PY) and grain 
protein compositions were investigated over three years of field trials testing different 
nitrogen and sulphur regimes, followed by a calculation of corresponding nitrogen use 
efficiency (NUE) in relation to GY and PY (NUE-GY & NUE-PY). Traits recorded including 
peduncle traits, which were investigated for two years in glasshouse experiments. Developing 
grain samples from the different nitrogen and sulphur treatments tested were collected for 
comparative transcriptomic and proteomic analyses to reveal the underlying nitrogen and 
sulphur regulated mechanisms of wheat grain growth and protein biosynthesis. Finally, the 
results of this study were used to formulate an improved nitrogen and sulphur fertilization 
strategy for Western Australian grain-growing regions. 
5.1 An investigation of agronomic traits and protein parameters under different 
nitrogen and sulphur fertilization regimes 
5.1.1 The impacts of nitrogen and sulphur treatments on agronomic traits 
A range of agronomically important traits were investigated in six Australian bread wheat 
cultivars under different nitrogen and sulphur treatments. In two years of glasshouse 
experiments, the statistically significant impacts of nitrogen and sulphur treatments on GY 
and NUE-GY were observed (Table 2-1 & Table 4-2). With incremental nitrogen application, 
GY increased, but NUE-GY decreased (Figure 2-1A & 2-1B). However, an incremental 
sulphur application increased both GY and NUE-GY (Figure 4-1a & 4-1b). It has been 
confirmed that an adequate supply of sulphur is essential for wheat to reach its full yield 
potential and make efficient use of nitrogen for protein biosynthesis (Flæte et al., 2005). 
Previous study also demonstrated that sulphur fertilization could improve NUE in wheat by 
increasing nitrogen uptake through improving nitrogen recovery from the soil (Salvagiotti et 
al., 2009). To further understand the impacts of sulphur fertilization on NUE from different 
angles, our study measured the correlations between GY, NUE-GY with peduncle traits under 
various levels of sulphur and nitrogen availabilities. Under different nitrogen treatments, neck 
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diameter, straw diameter, keycard diameter and straw weight are all positively correlated with 
GY, and the correlation coefficients (r) were all more than 0.50, especially for straw weight 
at 0.81 (Table 2-2). However, the correlation of peduncle traits with NUE-GY was not 
significantly high, and even few traits were in negative correlation (Table 2-2). Among them, 
the neck diameter appeared to be the most significant peduncle trait with a positive 
correlation of 0.25, and it is also highly positively correlated with GY with the r being 0.67. 
Thereupon, neck diameter is an important trait for improving GY and NUE-GY through 
modifying nitrogen application regimes. As a comparison, under different sulphur 
fertilization regimes, five peduncle traits, including head weight, peduncle length, straw 
diameter, keycard diameter and neck to card were all highly positively correlated with GY 
and NUE-GY, and an incremental sulphur application led to a clear increasing in all of them 
(Table 4-1 & Figure S4-1). This indicates that GY and NUE-GY related peduncle traits can 
be optimized through an optimized sulphur application strategy. 
Field trials over three years were carried out to verify the glasshouse experiments. The 
statistically significant (P ≤ 0.05) impacts of both genotype variations and nitrogen treatments 
on all investigated agronomic traits were recorded. The impact of genotype × treatment on 
NUE-PY was also statistically significant (Table 2-1). For most countries including America, 
China, and some European countries, their concerns on NUE are either in relation to GY or to 
GPC (Groos et al., 2003; Guarda et al., 2004). However, the aim of Australian wheat 
breeding is to improve GY and GPC concurrently, so that we use PY as a function of GY and 
GPC, calculated as GY multiplied by GPC. In this study, the six cultivars had different PY 
maxima across the five nitrogen treatments (Table S2-1). PY is generally remained positive 
in response to increasing nitrogen availability, except in the case of cv. Westonia, which 
reached its maximal PY at N100 treatment. In addition, although cv. Bonnie Rock reached its 
maximal PY at N200, which was similar to four other cultivars, its maximal GY was obtained 
under 50 kg ha-1 nitrogen treatment. This result indicated that the PY of Westonia and Bonnie 
Rock was driven more by GPC rather than GY. For the other four cultivars, with an 
incremental nitrogen application the increase of GY and GPC was at the similar level with 
the GY being slightly more sensitive. Furthermore, the ranking of the six cultivars on GY and 
PY was similar, indicating that GY is more reliable than GPC to predict the PY and NUE. 
Similarly, as above-mentioned, a field trial at Parkes, New South Wales, Australia, showed 
that, with an increasing nitrogen application, the yield levelled off at 11.2% GPC, whereas 
beyond that point only GPC continued to increase (Neil et al., 2012). Taken together, in view 
218 
 
of GY and GPC, the genotype is a key factor for PY in response to nitrogen availability. As a 
comparison, the statistically significant impacts of sulphur treatments on GY and NUE-GY 
were observed, but on PY and NUE-PY were not, suggesting that sulphur fertilization has no 
significant impacts on PY and NUE-PY, which was in consistence with previous reports 
(Zhao et al., 1999a; 1999b; Luo et al., 2000) (Table 4-2). Both GY and NUE-GY remained a 
positive response to an incremental sulphur application. In another word, sulphur 
supplementation can increase both GY and NUE-GY. Therefore, although high nitrogen 
could increase GY, the NUE-GY was reduced. However, high sulphur can drive GY and 
NUE-GY concurrently. This outcome provided a simple and non-genetic approach to 
improving GY without NUE as a penalty. From the above, a low nitrogen and high sulphur 
fertilization strategy was recommended to obtain both high GY and high NUE-GY. 
5.1.2 The impacts of nitrogen and sulphur treatments on protein parameters 
Previous research suggested that an increase in nitrogen fertilizer has a favourable effect on 
grain quality through increasing GPC, while sulphur supply exerts major effects on protein 
compositions, producing more sulphur rich subunits (López-Bellido et al., 1998; Zhao et al., 
1999a; Fuertes-Mendizábal et al., 2010). Compared with total polymeric proteins, the 
percentage of SDS-unextractable polymeric protein percentage (UPP%) is crucial in 
determining breadmaking quality (Zhang et al., 2008). Similarly, in glasshouse experiments 
over two years, the UPP% of cv. Spitfire and cv. Wyalkatchem both increased in response to 
nitrogen application, but they reached their maximum under different sulphur regimes (Figure 
2-1C & Figure 4-1c). The ratio of high molecular weight glutenin subunit (HMW-GS) to low 
molecular weight glutenin subunit (LMW-GS) (Hi/Lo) of these two cultivars reached their 
maximums in different nitrogen treatments, but both remained a negative response to sulphur 
treatments (Figure 2-1D & Figure 4-1d). This may because LMW-GS is a sulphur rich 
protein, resulting in more LMW-GS than HMW-GS is produced at high sulphur availability. 
However, although the Hi/Lo was decreased by sulphur application, the UPP% of cv. Spitfire 
was increased, indicating that the disulphide bond within HMW-GS is not the only 
determinant factor for protein aggregation, which is also suggested by Orsi et al (2001). 
There were many researches focused on the impact of nitrogen or sulphur on protein content 
and composition, but few studies have made a clear comparison between their impacts on 
grain quality related protein parameters with large scale field trial (Wrigley et al., 1984; Zhao 
et al., 1999a; 1999b; Zörb et al., 2009). In three years of field trials, the impacts of nitrogen 
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and sulphur treatments and genotype variations on UPP% and Hi/Lo were all in statistical 
significance. However, the statistically significant impact of genotype × nitrogen treatment 
was only observed on Hi/Lo, whereas the statistically significant impact of genotype × 
sulphur treatment was only observed on UPP% (Table 2-1 & Table 4-2). In this study, the 
Hi/Lo of two genotypes including cv. Livingston and cv. Mace were both increased by an 
incremental nitrogen application, but the increased level of cv. Mace was higher than cv. 
Livingston (Figure 2-2G). Nevertheless, with an incremental sulphur application, the changes 
in UPP% of three cultivars including cultivars Mace, Wyalkatchem and Westonia were 
totally different (Figure 4-1g). Cultivar Wyalkatchem remained a positive response to sulphur 
application, whereas Mace showed a constant negative response. This result suggests that the 
optimum amount of applied sulphur can increase UPP% for a desirable breadmaking quality, 
and genotype is a determinant factor in UPP%. 
5.2 Grain protein biosynthesis in high and low sulphur and nitrogen treatments 
5.2.1 A comparison of glutamine synthetase activity between high and low nitrogen and 
sulphur treatments during grain filling  
It is known that there are major impacts of applied sulphur and nitrogen treatments to gene 
expression levels that regulate downstream mechanisms. Indeed, a series of NUE-related 
agronomic traits and protein parameters showed positive responses to an incremental sulphur 
availability. Therefore, we carried out a comparative transcriptomic study to understand the 
mechanism of sulphur and nitrogen interactions using the developing grains of 7, 14 and 21 
days post-anthesis (DPA) from high and low sulphur treatment. A previous study focused on 
transcriptional alternations during wheat grain filling under different nitrogen and sulphur 
treatments identified a total of 122 differentially expressed genes (DEGs) among four 
variable combinations of treatments using microarray, while most of genes involved in 
carbohydrate metabolism, and they failed in uncovering the bridge between nitrogen and 
sulphur interactions (Dai et al., 2015). Beside this, there was no similar study aiming at 
revealing sulphur and nitrogen interactions. In this study, a total of 65 significant DEGs were 
identified using RNA-seq, and three of these were identified as glutamine synthetases (GS). 
The nitrogen metabolism pathway was significantly downregulated by high sulphur at 7 DPA. 
GS is the key enzyme for nitrogen metabolism, catalysing the assimilation of all inorganic 
nitrogen for its incorporation into organic compounds (Reggiani et al., 2000). Subsequently, 
the GS activity of the flag leaf and developing grain was measured, followed by a comparison 
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between high and low sulphur treatment. GS activity of the flag leaf growing under high 
sulphur was lower than in the low sulphur treatment, which was the opposite for the 
developing grain. Low GS activity resulted in less glutamine (Gln) accumulation in the leaf 
to be remobilized into developing grain under high sulphur treatment. Gln was the substrate 
for amino acid biosynthesis with corresponding transaminase (Galili et al., 2016). 
Consequently, at the beginning of grain filling, there was less Gln available under the high 
sulphur regime for these biological processes than under the low sulphur regime. GS activity 
in the developing grain would be enhanced to synthesize more Gln under high sulphur. As a 
comparison, the GS activity of the flag leaf and developing grain was also measured in the 
nitrogen treatment, enabling a comparison between high and low nitrogen treatments. In 
contrast to sulphur treatment, the GS activity of flag leaf under high nitrogen was more active 
than in low nitrogen, resulting in more Gln accumulation in the flag leaf to be remobilized 
into developing grains, followed by an increased Gln availability at the beginning of grain 
filling, and the GS activity of developing grain in high nitrogen was less active than low 
nitrogen during an entire grain filling stages. As grain development, the GS activity in high 
nitrogen was gradually increased, reaching the peak at 42 DPA. However, the activity 
maximum was observed in 21 DPA in low nitrogen treatment, followed by a decrease from 
21 to 35 DPA. From the above, the Gln remobilization is a determinant factor on GS activity 
of developing grain. Additionally, the GS of developing grain in high nitrogen and high 
sulphur treatment increased in activity during grain filling and reached maximal activity at 35 
DPA, whereas in low nitrogen and sulphur treatment, it reached its maximal activity in the 
middle of grain filling, indicating that availability of both high sulphur and high nitrogen can 
utilise more Gln to for biological activity than if these elements are limiting during grain 
development. 
5.2.2 A comparison of amino acid dynamics and UPP accumulation between high and 
low nitrogen and sulphur treatments during grain filling 
Previous study observed little variation in free amino acids of developing grains under a 
combination of different nitrogen and sulphur treatments including nitrogen-control with 
sulphur-deficient as well as nitrogen-deficient with sulphur-deficient, probably because a 
limited availability of sulphur cannot reflect the substantial impacts of sulphur on grain 
amino acid biosynthesis (Howarth et al., 2008). In this study, an investigation on individual 
free amino acid content and free total amino acid content dynamics illustrated that biological 
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processes benefit from high sulphur availability to synthesise free amino acids during grain 
growth. The dynamic changes of four nitrogen remobilization related amino acids Gln, 
glutamic acid (Glu), asparagine (Asn) and aspartic acid (Asp) under the high sulphur regime 
were more significant than in low sulphur. At the beginning of grain filling these amino acids 
were present at approximately the same concentrations under both sulphur regimes, but after 
42 DPA, these free amino acids appeared in lower concentration in the mature grain grown 
under high sulphur than under low sulphur, indicating that in a high sulphur environment the 
free amino acids are being used up in metabolic progress during grain development. In 
parallel with previous reports, even mild sulphur deficiency resulted in disproportional 
increases in the asparagine contents of white flour fractions (Shewry et al., 2009). Our study 
revealed that in a low sulphur environment there was a higher amount of Asn present in 
mature grain (at 42 DPA), which could form of acrylamide, which is produced by free Asn 
and reduced sugars during breadmaking process, and could potentially increase the risk of 
cancer development in consumers. 
Many studies reported that sulphur deficiency decreases the proportion of polymeric proteins, 
and cysteine (Cys) is extremely important for the structure and functionality of polymeric 
proteins through the formation of disulphide bond, but they did not construct the linkage of 
the dynamic changes of Cys and the following polymeric proteins formation under different 
sulphur availabilities (Zhao et al., 1999a; Wieser 2007). Our study illustrated that dynamic 
changes of the two-major sulphur-containing amino acids, Cys and methionine (Met), under 
high sulphur were more significant than in low sulphur. The UPP% was higher with high 
sulphur from 28 DPA, which was followed by a higher content in mature grain. This result 
indicates that although we are not sure whether high sulphur treatment can increase Cys 
content, the dynamics of free Cys illustrated that more free Cys is taken up in protein 
aggregation for UPP formation in a high sulphur environment than in a low sulphur 
environment. On the other hand, at 21 DPA there was a difference in UPP accumulation 
between high and low nitrogen treatment. From 21 DPA, UPP content rose sharply with high 
nitrogen availability, while in low nitrogen treatment it rose moderately. Therefore, 
application of additional nitrogen at 21 DPA and sulphur at 28 DPA to wheat crops could 
increase UPP formation for desirable breadmaking quality. 
5.3 The potential sulphur and nitrogen regulated mechanisms for wheat grain protein 
biosynthesis during grain development 
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5.3.1 The potential nitrogen regulated mechanism for wheat grain protein 
polymerization 
Due to the drastic changes in GS activity and UPP accumulation happening after 21 DPA in 
the high vs. no-nitrogen treatments, we focused on the expression patterns of differentially 
expressed proteins (DEPs) at 21 DPA and their roles in protein aggregation. During a long-
term discovery in the mechanism of protein folding, the most well-known enzyme for protein 
polymerization is protein disulphide isomerase (PDI), which can catalyse the formation, 
reduction or isomerization of disulphide bonds. In other words, it can catalyse the exchange 
between thiol (-C-SH) and disulphide, which occurs in sorts of protein substrates (Freedman, 
1984; 1989). BIP2 was reported to play a role in protein misfolding prevention, protein 
folding facilitation and assembling into protein bodies for subsequent transport from the ER 
to the cytoplasm (She et al., 2011). However, principal component analysis revealed a strong 
association of PPIase activity with the deposition of storage proteins in wheat, but the 
mechanism of its function in protein polymerization has not been reported (Dutta et al., 2011). 
In chapter 2, we identified that PPIase had the potential to be SUMOylated for an enhanced 
enzymic activity. High nitrogen favours PPIase SUMOylation through the interaction with 
SUMO1 and is transported into the cytoplasm to assist in the formation of protein polymers. 
Interestingly, PPIase remained upregulated in the high-nitrogen treatment, whereas SUMO1 
was downregulated at 28 DPA. This suggests that PPIase accumulated in the cytoplasm 
before 28 DPA with the assistance of SUMO1 to facilitate protein folding and aggregation 
during grain maturity. From 28 DPA onwards, with the grain reaching maturity and the 
enzymatic activity becoming weaker, high nitrogen availability was able to facilitate PPIase 
activity for the accumulation of protein polymers. Additionally, a slight upregulation of BIP2 
at 21 and 28 DPA under high nitrogen availability were observed. BIP2 has roles in 
preventing protein misfolding, protein folding facilitation and assembly into protein bodies 
for subsequent transport from the endoplasmic reticulum (ER) to the cytoplasm (Zhu et al., 
2014). 
5.3.2 The potential sulphur regulated mechanism for wheat grain protein biosynthesis 
As above-mentioned, it is known that there are major impacts of applied sulphur treatments 
to gene expression levels that regulate downstream mechanisms, and indeed, a series of 
NUE-related agronomic traits and protein parameters showed positive responses to an 
incremental sulphur availability. To understand the regulatory mechanism of sulphur on gene 
223 
 
expression levels, we draw our attention on epigenetic regulatory mechanism, which controls 
targeted gene expression through modifying cis-trans elements conjunction. As above-
mentioned, a review on seed development by Sreenivasulu and Wobus (2013) reported that 
early seed development events are controlled predominantly by transcriptional regulation, 
which is mainly mediated by a defined set of transcription factors (TFs) and governed by 
genome-wide epigenetic events (Sreenivasulu et al., 2010; Le et al., 2010; Ikeda, 2012). 
Several sets of high-resolution, spatial and temporal transcriptome data generated from both 
Arabidopsis and cereal seed compartments provide insights into hormonal and TF networks 
(Sreenivasulu et al., 2006; Day et al., 2008; Thiel et al., 2008). However, there were few 
studies focused on the impacts of nutrient stress on TF networks for regulating downstream 
mechanisms in cereal crop. Prolonged phosphate starvation in rice results in 
hypermethylation of transpose elements close to highly induced genes and the transcriptional 
induction occurs prior to the increase in methylation (Secco et al., 2015). Additionally, a 
natural allele of a TF in rice was reported to confer broad-spectrum blast resistance (Li et al., 
2017). In this study, the experiments described in Chapter 4 reported a proposed epigenetic 
regulatory mechanism for seed storage protein (SSP) biosynthesis responding to sulphur 
availability during grain growth. The proposed pathway is also involved in oxygen sensing 
mechanisms. Generally, in the high-sulphur treatment, homocysteine S-methyltransferases 1 
(HMT-1) and a MYB transcription factor worked synergistically as an activator, whereas they 
acted as a repressor under low sulphur conditions. Low-sulphur suppressed Met biosynthesis, 
which is usually very high in cereal crops. This is significant because Met is an essential 
amino acid in human nutrition. About 20% of the Met is incorporated into proteins, while 
80% is converted to S-adenosyl methionine (SAM), which is a methyl group donor for the 
methylation of nucleic acids and protein, and in the synthesis of ethylene. More specifically, 
SAM binds to O-methyltransferase (OMT) to form SAM-dependent methyltransferase, which 
is a catalyst involved in the great majority of methylation reactions (Fig. 5-1). In the human 
genome, a reduction of DNA methylation results in genetic instability, aberrant gene 
expression, and increased cancer risk, while protein methylation leads to modified 
functionality and plays a role in protein-protein interactions. An inducible defence-related 
form of cinnamyl-alcohol dehydrogenase (CAD) favoured the induction of OMT, followed 
by increased methylation. CAD has been also reported to catalyse the final step of the lignin 
branch pathway. More interestingly, a block in CAD activity resulted in alterations of lignin 
in both composition and structure, and improved digestibility (Halpin et al., 1994). Therefore, 
a reduction of CAD activity should improve the digestibility of wheat for humans. The 
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interaction of CAD-5 and ethylene responsive transcription factor (ERF TF) in high and low 
sulphur fertilization regimes indicates that high sulphur treatment favoured DNA and protein 
methylation during early grain filling stage, while the later repression of CAD activity 
facilitated the digestibility of wheat. Apart from its role as a methyl group donor for 
methylation, SAM is the aminobutyrate group donor in the production of l-
aminocyclopropane-1-carboxylic acid, which is then oxidised to ethylene. This signalling can 
be transduced to activate the expression of ERFs. The ERF TF related to APETALA 2.3 
(RAP2.3) has been reported to activate hypoxia maker genes under anoxic and normoxic 
conditions, together with its homologues RAP2.2 and RAP2.12. Inducible expression of all 
three RAP2s conferred tolerance to anoxia and oxidative stresses, and enhanced the 
sensitivity to abscisic acid (ABA). Interestingly, these three RAP2s act redundantly in 
multiple stress tolerances, and oxygen-dependent degradation of RAP2.12 is mediated by the 
nitrogen end rule pathway (Gasch et al., 2015; Papdi et al., 2015). Plant cysteine oxidase 
(PCO) proteins facilitate the oxidation of N-terminal cysteine residues using molecular 
oxygen as a co-substrate, and then prepare the protein for N-end rule pathway mediated 
proteasomal degradation. As reported, PCOs directly link the transcriptional activity of 
RAP2s for the hypoxic response to the actual availability of oxygen in the cell. Moreover, 
being direct targets of RAP2s, PCOs are also able to catalyse a rapid inactivation of the 
anaerobic response once oxygen tension increases again, thereby making them a tuneable 
oxygen sensing mechanism (Weits et al., 2014; Dissmeyer et al., 2017). The direct interaction 
of RAP2.3 and PCO2 suggests that low sulphur fertilisation might lead to anoxic conditions 
at the advanced grain filling stage, indicated by an upregulation of RAP2.3, which is then 
able to improve sensitivity to ABA, resulting in early maturity. What is more important, if 
appropriated redox conditions were generated, formation of intra-molecular disulphide bonds 
was rather efficiently achieved and able to assemble into native polymers, on the contrary, 
was very inefficient. The studies on trafficking and deposition of wheat polymers 
demonstrated that the overall redox potential of ER lumen vary during grain development 
(Orsi et al., 2001). These changes affect the formation and dissociation of disulphide bonds 
and generate subsequent impacts on protein polymerization and their retention. In a word, the 
anoxic growth condition generated by low sulphur fertilization would alleviate protein 
polymerization. In addition, other two RAP2.3s, located on chromosome 2AS and 2DS, 
interacted directly with five ABA-insensitive protein 3/Viviparous1 (ABI3/VP1s). 
ABI3/VP1s encode TFs of the B3 domain family, and then directly activate SSPs by binding 
to RY motifs present in the promoters in response to ABA signalling. The interaction of 
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RAP2.3s and ABI3/VP1 on chromosome 2DL suggests that the high sulphur fertilisation 
regime activated the ABI3/VP1, which then bound to the RY motif for SSPs biosynthesis 





Figure 5-１ The potential sulphur regulated mechanism for wheat grain protein biosynthesis. Blue diamond, transcription factors; yellow oval, 
enzymes identified from DEGs annotation in this study; gray oval, enzyme induced by the identified enzymes in this study; gray rectangle, 




In this study, multi-year & site field trials were conducted to obtain the optimized sulphur and 
nitrogen fertilization strategy for a better wheat grain quality around Western Australian 
wheat-belt regions using six Australian bread wheat cultivars. A series of NUE related 
agronomically important traits including GY, GPC and PY (GY×GPC) were investigated 
under different combinations of sulphur and nitrogen treatments. The results show that an 
incremental nitrogen application can significantly increase GY, GPC and PY, but the NUE-
GY and NUE-PY are reduced, whereas high sulphur application can increase GY and 
improve NUE-GY concurrently. In terms of protein parameters, the significantly positive 
impacts of nitrogen application were only observed on Hi/Lo ratio, while sulphur application 
only exerts significantly positive impacts on UPP%. However, genotype is a determinant 
factor in both protein parameters. Therefore, in view of agronomic traits and protein 
parameters, we recommend low nitrogen high sulphur (nitrogen at 50 kg ha-1 with sulphur at 
30 kg ha-1) fertilization strategy for a higher NUE and higher breadmaking quality. In 
addition, the differences in UPP accumulation between high and low sulphur and nitrogen 
treatments were detected during grain development from 7 to 35 DPA. In comparison with 
low nitrogen and low sulphur treatments, the significantly accelerated accumulation of UPP 
happened at high nitrogen and high sulphur treatments at 21 DPA and 28 DPA, respectively. 
Therefore, we recommend applying additional nitrogen fertilizer at 21 DPA and/or additional 
sulphur fertilizer at 28 DPA for high breadmaking quality.  
From the above, the low nitrogen high sulphur (nitrogen at 50 kg ha-1 with sulphur at 30 kg 
ha-1) fertilization strategy is recommended for a higher NUE and higher breadmaking quality. 
Also, application of additional nitrogen fertilizer at 21 DPA and/or additional sulphur 
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Chapter 6 Conclusion 
For years, many efforts have been made in the concurrent improvement of grain yield and 
grain protein content including through selection of breeding lines and optimizing the timing 
and amount of nitrogen application. Optimizing fertilization strategy is an immediate and 
simple approach, while selection of genetically-enhanced cultivars is a far longer-term 
approach. An incremental input of nitrogen fertilizer could achieve this aim, but at a cost of 
nitrogen use efficiency (NUE), and the nitrogen fertilizer has been a highest cost. In this 
study, we found that high sulphur application could drive both grain yield and NUE in 
relation to grain yield, and an adequate application of sulphur increased SDS-unextractable 
polymeric proteins (UPP) content. To understand the underlying mechanism of sulphur and 
nitrogen interactions, a study of gene expression (transcriptomics) was carried out on plants 
growing under high and low sulphur treatments. We identified that glutamine synthetase was 
downregulated by high sulphur application, and a comparison of its dynamics between high 
and low sulphur and nitrogen treatments reveals that both high sulphur and nitrogen 
application can promote more glutamine to participate in biological processes than if there is 
sulphur and nitrogen limitation during grain development. The differences in individual free 
amino acid and total free amino acid dynamics between high and low sulphur treatments also 
illustrate that availability of sulphur facilitates free amino acid participation in metabolic 
progress during grain growth, including protein polymerization to form UPP. 
High nitrogen availability accelerates the interaction of SUMO 1 and PPIase at 21 DPA, 
resulting in an enhanced PPIase activity to facilitate protein folding and aggregation during 
grain maturity. Meanwhile, a sulphur controlled epigenetic regulatory mechanism for seed 
storage protein (SSP) biosynthesis reveals that high sulphur application can increase the 
biosynthesis of methionine, which is used for nucleic acid synthesis and methylation, protein 
methylation, but it is also crucial for accumulating SSP. Beside these functions, high sulphur 
availability plays a role in fine-tuning of the oxygen sensing mechanism during grain 
development. 
This study was comprehensive investigation of NUE related agronomic traits and protein 
parameters under a range of nitrogen and sulphur treatments, followed by a detailed 
mechanism study to elucidate the underlying regulatory pathways, proposing a distinct 
insight on the nitrogen and sulphur regulatory mechanism of wheat grain protein biosynthesis. 
